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Preface

Operative Neuromodulation is a rapidly evolving mul-
tidisciplinary biomedical and biotechnological field that
opens new options and possibilities not only for help-
ing patients but also for understanding the role of the
nervous system in modulating all other bodily systems.
Many specialties are involved and multidisciplinary col-
laboration is necessary for the further progress of the
field. The International Neuromodulation Society (INS)
exists to promote, disseminate, and to be an advocate for
the science, education, best practice and accessibility
of all aspects of neuromodulation. The INS is directly
associated with the International Functional Electrical
Stimulation Society (IFESS) which aims to promote the
research, application, and understanding of electrical stim-
ulation as it is utilized in the field of medicine. The
World Federation of Neurosurgical Societies (WFNS)
has realised the potential of the field and recently created
a Neuromodulation Committee. Undoubtedly, many other
neuromodulation committees will be founded in other
specialties and all of them, in close collaboration with
the INS, will advance neuromodulation. With this book,

we aim to facilitate a world-wide dissemination of author-
itative information regarding this scientific and clinical
field, and to promote an expansion of current medical
practice and research into this area. Furthermore, we wish
to contribute towards a constructive integrative relation-
ship between the biomedical and technological fields
involved in neuromodulation. It is hoped that this book
will have a positive impact in the continuously evolving
research and practice of neuromodulation.

Damianos E. Sakas, MD
Professor of Neurosurgery
Chairman, WFNS Neuromodulation Committee

Brian A. Simpson, MD, FRCS
Consultant Neurosurgeon
Ex-President, International Neuromodulation Society

Elliot S. Krames, MD
Editor in Chief, Neuromodulation
President, International Neuromodulation Society
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Summary

Operative neuromodulation is the field of altering electrically or chem-
ically the signal transmission in the nervous system by implanted devices
in order to excite, inhibit or tune the activities of neurons or neural net-
works and produce therapeutic effects. It is a rapidly evolving biomedical
and high-technology field on the cutting-edge of developments across a
wide range of scientific disciplines. The authors review relevant literature
on the neuromodulation procedures that are performed in the spinal cord
or peripheral nerves in order to treat a considerable number of conditions
such as a) chronic pain (craniofacial, somatic, pelvic, limb, or due to failed
back surgery), b) spasticity (due to spinal trauma, multiple sclerosis, upper
motor neuron disease, dystonia, cerebral palsy, cerebrovascular disease
or head trauma), c) respiratory disorders, d) cardiovascular ischemia, e)
neuropathic bladder, and f) bowel dysfunction of neural cause. Functional
neuroprosthetics, a field of operative neuromodulation, encompasses the
design, construction and implantation of artificial devices capable of gen-
erating electrical stimuli, thereby, replacing the function of damaged parts
of the nervous system. The present article also reviews important lit-
erature on functional neuroprostheses, functional electrical stimulation
(FES), and various emerging applications based on microsystems devices,
neural engineering, neuroaugmentation, neurostimulation, and assistive
technologies. The authors highlight promising lines of research such as
endoneural prostheses for peripheral nerve stimulation, closed-loop sys-
tems for responsive neurostimulation or implanted microwires for micro-
stimulation of the spinal cord to enable movements of paralyzed limbs.
The above growing scientific fields, in combination with biological re-
generative methods, are certainly going to enhance the practice of neuro-
modulation. The range of neuromodulatory procedures in the spine and
peripheral nerves and the dynamics of the biomedical and technological
domains which are reviewed in this article indicate that new breakthroughs
are likely to improve substantially the quality of life of patients who are
severely disabled by neurological disorders.

Keywords: Operative neuromodulation; functional neuroprosthetic sur-
gery; neuroprostheses; chronic pain; spasticity; cardiovascular ischemia;
functional electrical stimulation; neuropathic bladder; neuropathic bowel.

Definitions

In biology, neuromodulation can be defined as the
process by which chemical substances, neurons or neural

networks excite, inhibit or tune adjacent or remote neu-
rons or neural networks in order the latter to deliver re-
sponses, which are better adapted to the demands of the
environment of an organism and more suitable for en-
suring its successful survival. In the biotechnological
context, neuromodulation is a field of science, medi-
cine, and bioengineering that encompasses implantable
and non-implantable technologies, electrical or chemical
with the aim to improve the quality of life for humans
suffering from neurological disorders. In the clinical con-
text, several definitions have been proposed and the most
widely accepted are described below. Neuromodulation
can be defined as:

a) the science of how electrical, chemical, and mechan-
ical interventions can modulate or change central and
peripheral nervous system functioning,

b) a form of therapy in which neurophysiological sig-
nals are initiated or influenced with the intention of
achieving therapeutic effects by altering the function
and performance of the nervous system, and/or

c) the therapeutic alteration of activity in the central,
peripheral or autonomic nervous systems, electrically
or pharmacologically, by means of implanted or non-
implanted devices.

More recently, it has been proposed that neuromod-
ulation is the reversible use of electrical stimulation
or centrally-delivered pharmaceutical agents to manip-
ulate nervous system activity in order to treat specific
types of chronic pain, spasticity, epilepsy, ischemia,
cardiac, bowel, bladder dysfunction, nervous system
injury, and movement, visual, auditory or psychiatric
disorders [3].



All the above definitions imply that neuromodulation
requires the use of implanted technology or device in the
body of a patient to achieve a therapeutic goal. Much of
neuromodulation, exclusive of external devices such as
transcutaneous neural stimulation (TNS) or transcranial
magnetic stimulation (TMS), has an interventional or
operational character. In most clinical or therapeutic set-
tings, therefore, it is useful to us to further modify the
character of neuromodulation by adding the modifier
“operative,” distinguishing it from less invasive neu-
romodulatory techniques such as TMS. We call this
therapy, ‘““‘Operative Neuromodulation.” We propose
that Operative Neuromodulation is defined as an inter-
ventional field of medicine that alters neuronal signal
transmissions by implanted devices, either electrically
or chemically, in order to excite, inhibit or tune the
activities of neurons or neural networks to produce ther-
apeutic effects. This definition is neither the best possi-
ble nor the final one to be formulated. Undoubtedly, in
years to come, better definitions will be proposed. The
difficulty in defining neuromodulation may, in part,
reflect the fact that this is a subject with at least two
key areas of complexity. Firstly, neuromodulation is a
rapidly evolving multidisciplinary biomedical and tech-
nical field and, secondly, the procedures are performed
on the nervous system, but affect any organ or system of
the human body. Currently, the clinical specialists who
are involved in neuromodulation come from anesthesiol-
ogy, neurosurgery, neurology, neurophysiology, cardiol-
ogy, and orthopedics, but because of the systemic effects
and benefits of this therapy, this relatively new discipline
of medicine will, most likely, encompass or influence
most medical specialties.

The term neuromodulation refers to the use of tech-
nology at the neural interface and is a generic term that,
today, should supercede many specific terms used in the
past including neuroaugmentation, neurostimulation,
neural prosthetics, functional electrical stimulation, as-
sistive technologies, and neural engineering. Because
these terms are still within our clinical and scientific
lexicon, it is worthwhile to define them here although
they will be further discussed and refined within the
chapters of this volume. Neuroaugmentation, a term often
used synonymously with neuromodulation, is the en-
hancement of the nervous system and its activity by
implantable devices that convey either electrical stimu-
lation, delivery of drugs or chemicals, or implantation of
cells in order to produce therapeutic effects. Neuro-
stimulation is the processes and technologies of applying
electrical currents of varying parameters by means of
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implanted electrodes in order to achieve functional acti-
vation or inhibition of specific neuronal groups, path-
ways or networks. A fascinating review of the history
and potential applications of electricity in the nervous
system is provided in this volume by Fodstad and Hariz.
Functional electrical stimulation (FES) is the selective
stimulation of motor fibers in order to produce func-
tional muscle contractions by approaching that fibers
closely either transcutaneously (non-invasively), subcu-
taneously (invasively) or by putting an electrode in close
proximity to a Ranvier’s node within the nerve. FES is
electrical stimulation of a muscle deprived of normal
control in order to produce a functionally useful contrac-
tion. The electrical stimulation that produces only a sen-
sory response cannot be termed as FES and the electrical
stimulation that aims only to reduce pain is also not FES.
Assistive technologies are items, pieces of equipment,
devices or product systems, whether acquired commer-
cially or customised that are used to increase, maintain
or improve functional capabilities of individuals with
disabilities. Assistive technologies encompass products
such as wheelchairs, walkers, ramps, communication
boards etc. For a review see chapter by Sakas and col-
leagues. Neuroprosthetics is a biotechnological field
dedicated to the study, design, construction and implan-
tation of artificial devices that generate electrical stimuli
by initiating action potentials in nerve fibers in order to
replace the function of damaged parts of the nervous
system. Neural engineering applies methods and princi-
ples of engineering, physical and mathematical science
to investigate the nervous system and construct technol-
ogical devices that interface with it. An alternative defi-
nition is that neural engineering is the science that aims
to interface electronics to brain, spinal cord, and nerves
by combining the potentials of microsystems technology
and microelectronics with the current understanding of
the electrochemical, neuroanatomical and neurophysiol-
ogical properties and constraints of the nervous system.
As we see, neuromodulation, defined as the interface of
technology with the nervous system to produce benefit
to the patient, encompasses all of the varied specific
terms above. Neuromodulation, though diverse and en-
compassing multiple specialties, is specific to the use of
technology in impacting positively on the body. It is the
fastest growing field of medicine today.

Sections of current volume

The present compilation of articles in this volume,
titled Operative Neuromodulation, and subtitled An



An introduction to operative neuromodulation and functional neuroprosthetics 5

Introduction to Functional Neuroprosthetic Surgery de-
scribes techniques whereby engineered technology is
applied to the spinal cord or peripheral nerves, either
by contact with non-neural coverings (e.g. dura mater),
or directly within the fluid media that surrounds the
nervous system (e.g. cerebrospinal fluid) in order to in-
fluence nervous system function and produce therapeutic
benefit. These techniques are invasive and representative
examples include epidural stimulation for pain or in-
trathecal drug delivery systems for spasticity or pain.
In addition, this volume includes a section on Functional
Electrical Stimulation (FES) techniques which can be
termed as non-invasive Functional Neuroprosthetic Sys-
tems because they are applied by transcutaneous contact
with the nervous system, rather than being implanted.

Neuromodulation lies at the intersection of biomed-
ical and techonological progress and can function as
a broad area for convergence, exchange and cross-fertil-
ization of ideas. The aim of the editors is to present a
comprehensive and authoritative review on this field.
The authors of this volume have been selected because
of their contributions or innovative works performed
over the years and presented at major international meet-
ings. The included articles within this volume describe
what is known about neuromodulation today and span
from the state-of-the-art knowledge base of established
neuromodulation procedures used at the spinal cord and/
or peripheral nerves for pain and spasticity, bladder and
bowel dysfunction, and cardiovascular disease to what
is known about forefront and more current applications,
utilizing biohybrid materials. The volume concludes
with neuroprostheses and relevant emerging applica-
tions. The authors were asked to place emphasis on both
the understanding of the neuronal networks involved
and on practical clinical matters such as criteria and
guidelines for selecting suitable patients for neuromod-
ulation, descriptions of interventional or surgical tech-
nique, the organization of effective multidisciplinary
teams, how to deal with borderline cases, and how to
evaluate clinical outcome. Special emphasis has been
given to the understanding of why some do well, while
others do not. Moreover, each chapter gives suggestions
for clinical improvements and discusses the personal
views of the authors on new directions and opportunities
for the future.

Undeniably, the management of chronic pain has been
the greatest success story in the field of neuromodulation
and much has been written about this indication. The
recognized goals of pain treatment are reduction in the
intensity of a patient’s pain while improving both phys-

ical and emotional functioning of the individual. To
meet these goals, pain practitioners should be able to
use all of the ‘“tools of the trade” or, if unable to use
them, to refer the patients to the specialists who know
how to appropriately use these tools [1]. Spinal cord
stimulation (SCS) has been acknowledged as an appro-
priate and effective therapy for chronic non-malignant
pain. The first section of the Volume is dedicated on
neuromodulation for pain and starts with a comparative
review of ablative versus modulatory spinal procedures
(Burchiel). Spinal cord stimulation (SCS) has been
acknowledged as a treatment for chronic non-malignant
pain. Patient selection criteria, surgical procedure, post-
operative complications, and clinical outcome follow-
ing SCS are described by some of the most experienced
practitioners of SCS (Kumar, Rainov, Kuhta, Lanner).
Surgical considerations for improving implantation tech-
nique and minimising hardware-related failures are dis-
cussed by Beems, Jenkins, Vangeneugden, and Rainov.
The role of peripheral nerve stimulation (PNS) in the
management of intractable migraine and craniofacial
painful syndromes is underlined in separate articles by
Slavin, Weiner, and Rogers. Finally, the chronic intrathe-
cal infusion of analgesic drugs either as single therapy
or, more interestingly, in combination with SCS in the
management of intractable back and leg pain are also
presented (Rainov, Koulousakis, Linderoth).

Chronic intrathecal baclofen (ITB) administration
through an implanted pump has become an established
therapy for severe, intractable spasticity of spinal or
cerebral origin. Pathophysiological mechanisms, guide-
lines for selecting appropriate candidates, surgical tech-
nique, procedure- and device-related complications, and
functional outcome following ITB therapy in adult and
pediatric populations are presented in detail by Dykstra,
Ethans, Koulousakis, Rietman, Richard, Sakas, and
Sgouros. The clinical interrelationships and the outcome
of ITB depending on the underlying pathology such
as upper motor neuron syndrome (Rietman), multiple
sclerosis (Dario), dystonia (Richard), cerebral palsy
(Sgouros), cerebrovascular disease (Francisco) or injury
(Petropoulou) are presented in detail in this volume.
Intrathecal baclofen’s effects on functional capacity of
patients such as ambulatory ability, ease of caregiving,
and self-dependency are discussed by Dones and Marra.
The potential role of chronic ITB therapy in the man-
agement of dystonia, in alleviating chronic pain, and
in recovery from persistent vegetative state are also
presented (Richard, Taira). The significance of special
neurophysiological tests in the overall management of



spasticity is highlighted by Stokic. The role of neu-
rorehabilitation after the initiation of ITB therapy, the
significance of close collaboration between involved dis-
ciplines, and the future prospects of the field are dis-
cussed in the chapters by Petropoulou and Panourias.

SCS, as effective therapy for refractory lower limb
ischemia, is discussed in the chapters by Sciacca and
Clayes, while SCS for angina pectoris and cerebral ische-
mia is discussed in separate articles by Moutaery, Sagher,
and Robaina, respectively. A compelling argument in
favor of early use of electrical stimulation in these con-
ditions would arise if it favorably modified the course of
the underlying condition. It is also encouraging that, in
the relevant literature, there is some evidence of a pos-
sible “limb salvage” effect of SCS in a subgroup of
patients with critical limb ischemia and a possible cardi-
oprotective effect of SCS in cardiac ischemia [8].

Other uses for electrical stimulation are discussed in
several different chapters. Indications for electrical stim-
ulation such as dysphagia and diaphragm paralysis are
discussed by Taira and Tyler and the future directions of
the field are summarized. Neuropathic bladder and as-
sociated detrusor dysfunction are disabling conditions
that occur commonly following severe spinal cord injury.
Some of the most well-known investigators (Barat,
Bauchet, Kutzenberger, Rapidi) describe their research
and clinical experience with neuromodulatory therapies
for these urologic disorders and discuss, in detail, the
anatomic and physiologic foundations, the selection cri-
teria for the use of neuromodulation, the surgical tech-
niques involved, the complications that may arise, the
functional outcomes derived, and the future prospects
for the field. The current state and the future directions
for the neuromodulatory management of fecal inconti-
nence, a severely disabling condition following SCI,
through sacral nerve root stimulation, is discussed by
Ratto and Matzel. The potential role of neuromodulatory
interventions in modulating sexual dysfunction is dis-
cussed by Meloy. Kothari discusses the mechanisms of
chronic neuropathic pain of pelvic origin and further dis-
cusses the role for peripheral nerve stimulation (PNS) in
its management.

Functional electrical stimulation (FES)

Functional Electrical Stimulation (FES) holds con-
siderable promise for improving and enhancing motor
capacity in patients suffering from severe limb paresis
or paralysis, either secondary to stroke, head injury, or
neural trauma from intervertebral disc herniation. In
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their respective articles, Kanno, Ring and Wang and
colleagues present the neural pathophysiology of this
disorder, its epidemiological background, the clinical
indications for the use of FES, selection criteria of
patients receiving FES, and the methodology of FES,
particularly for the restoration of function to a paretic
or paralyzed upper limb and shoulder, respectively.
Sinkjaer et al. outline the mechanisms for the action of
FES and its role in improving stance and walking abil-
ity in patients suffering from lower limb monoparesis.
Donaldson and Newham present, in detail, FES cycling
and discuss its future as a method for strengthening
paraplegic muscles and supporting walking capacity in
patients. Any surface stimulation system, however, has
inherent limiting factors including difficulty in repeat-
edly locating correct points for stimulation, difficulty in
reaching deeper lying nerves, lack of selectivity, varia-
tion in skin impedance, necessity for resetting pulse-
amplitude because of changes in electrode position,
discomfort to the patient, and low efficiency of the en-
ergy used for activation of the nerve. To actualize the
great potential of FES we need answers and effective
solutions to the above problems.

Neuroprostheses and emerging applications

Electronic sophisticated and high technological de-
vices that translate the intention to move paralyzed limbs
into actual movement offer a broad area for research in
the laboratory and clinic and represent a great hope for
severely disabled sufferers. Morita, Keith and Kanno
describe, in our estimation, one of the most successful
neuroprostheses, so far, for patients with tetraplegia or
arm monoplegia, which converts minimal shoulder move-
ments into the basic movements of the contralateral arm
and hand. Stieglitz describes the development and appli-
cation of micro-, nano-, and biohybrid systems in neu-
rorehabilitation and analyzes their bioethical and social
implications. Koch provides an elaborate description of
tiny electrodes, microelectronics or connectors which are
currently used to interface human nervous system and
highlights critical elements that should be improved in
their design. The direct brain control of FES systems
constitutes a great challenge for neuroscientists; Rupp
and Ruddiger discuss how biomedical microsystems
might be implemented with a special emphasis in their
application for restoring grasping capacity after severe
cervical cord injury.

The last section in this volume includes articles on
emerging applications. The role of SCS as an adjunctive
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treatment to radio- and chemotherapy of high grade glio-
mas (Robaina) and the efficacy of SCS in enhancing
recovery from a persistent vegetative state (Morita) are
discussed in this section. Riener provides us with an
overview of existing systems that support deficits in
movement of the upper limbs that occur after disabling
neurological pathologies; each device is compared to
others with respect to technical function, applicability,
and clinical outcomes. Finally, the future prospects of
biological treatments for pain and of baclofen use in
various neurological disorders are discussed by Rainov
and Dario, respectively.

Socioeconomic aspects of neuromodulation

Great strides have been made in the development,
application, and commercialisation of neuromodulation,
FES, and neural prostheses over the last 20 years. Sen-
sory and motor neuromodulation systems have gained
FDA approval and European CE marks and widespread
acceptance in clinical practice. It is widely accepted
that neuromodulation therapies may substantially reduce
costs for less invasive therapies including, but not lim-
ited to, medications, cognitive behavioural therapies,
and physical therapies. Cost-benefit analyses that prove
the efficacy and financial gains to health systems from
neuromodulatory procedures are increasingly reported
[7]. As an example of cost savings of neuromodulation
therapy, intrathecal baclofen has been shown to be cost
effective because it improves patient’s quality of life and
reduces the cost of treatment for complications of severe
spasticity and hospitalizations. However, and unfortu-
nately, in spite of these obvious cost savings, there still
exists a “‘value-for-money’” debate within many payor or
medical insurance organizations who are asking whether
it is even worthwhile to perform neuromodulation, at all.

In spite of this debate, it is a generally accepted prin-
ciple that appropriate, neuromodulation therapies should
not be used at early stages of illness before trialing more
conservative and less costly therapies such as pharma-
cological, functional restorative or behavioural thera-
pies. However, as we learn more about the clinical and
cost effectiveness of neuromodulatory therapies, we can
begin to make a good case for offering neuromodula-
tion therapies at earlier stages of treatment for many dis-
ease processes. Some, in fact, do argue that it may not be
justified to delay neuromodulation therapies for any
extended period of time because there do exist substan-
tial risks of physical, psychological and social damage
due to either ischemia or neuropathic pain, when that

pain exists untreated for long periods of time [8]. The
success of any neuromodulation intervention, therefore,
depends on practitioners finding optimal therapies that
work in terms of timing and means for each patient.

It is important that the number of patients, for whom
each neuromodulation therapy is appropriate, is rela-
tively small when compared to the total number of pa-
tients suffering from any one disease. The editors and
authors of this volume believe that potential candidates
for treatment should be referred only to neuromod-
ulation specialists, in established, experienced centers
because: a) patients should be carefully screened, eval-
uated diagnosed and selected for treatment by a multi-
disciplinary team, b) all the facilities, equipment, and
professional personnel required for the proper diagnosis,
treatment, training, support, and follow-up of the patient
should be available, and c) patients with implantable
devices must have appropriate follow-up, receive ade-
quate training in the device use, care and overall support.
In addition to the above, the practice of neuromodulation
within established centers will provide reliable, mean-
ingful, high-level evidence that is essential not only to
improve future case selection but also to persuade com-
missioners, insurance companies, and others to pay for
the treatment. Poor case selection not only wastes re-
sources (including hospital beds, surgical time, etc.) but
also subjects the patients to unnecessary surgery with all
its attendant risks and disappointments [7]. Undoubt-
edly, the future practice of neuromodulation will be
affected by technological advances made in the field
and by changing trends in practice, moving away from
external therapeutic systems towards internal therapeutic
systems and moving towards out-patient neuromod-
ulation care. Furthermore, it is expected that there will
be an increased demand for more cost-effective thera-
pies for the less severely handicaped with less severe
afflictions.

In order to help patients, worldwide, we should iden-
tify the major challenges that should be overcome and
address many important issues such as: conducting
studies that will provide high-quality data on outcome,
obtaining necessary government approvals for new
products or applications, maintaining compliance with
FDA or European CE product and manufacturing re-
quirements, minimizing reliance on sole suppliers or key
distributors and addressing product liability. All these
practitioners who have expertise in the field, must re-
flect on and need to work on the formation of guidelines
for patients, doctors and industry regarding the proper
application of neuromodulation therapies. Furthermore,



the obvious ethical questions that arise from too close
collaboration of health care professionals with the in-
dustry that produce neuromodulation devices must be
answered by all of us, industry and the clinic, alike.
We need to establish ethical standards of practice that
guide clinician relationships with industy in a well-
defined framework.

Finally, because patients are being denied the benefit
of neuromodulatory procedures because of lack of in-
formation or mistaken medical or cost considerations,
expert opinion regarding neuromodulation should be
widely published and disseminated across the world. The
International Neuromodulation Society (INS) exists ““to
promote, disseminate, and advocate for the science, edu-
cation, best practice and accessibility of all aspects of
neuromodulation”. Importantly, because the disease that
we treat and the science of neuromodulation does not
belong to any one “‘study group’’, the INS is founded as
a multidisciplinary society to be inclusive of all scien-
tists, physicians, bioengineers, members of the industry,
and other professionals who have a primary interest
in the field of neuromodulation [1]. The INS is directly
associated with the International Functional Electrical
Stimulation Society (IFESS) which aims to promote the
research, application, and understanding of electrical
stimulation as it is utilized in the field of medicine. In
1999, the INS and IFESS became sister societies. The
importance of this field has also recently been reognized
by the World Federation of Neurosurgical Societies
(WFENS), which decided that a special Committee on
Neuromodulation should be formed. This Committee,
in collaboration with the INS, has the aim of disseminat-
ing appropriate peer reviewed information that promotes
expert application of neuromodulation treatments across
the world.

Future directions

The field of neuromodulation is diverse and high-
ly technical. Neuromodulation, as we define it by this
volume, is not only and merely a devices-based field,
but a field that encompasses many diverse disciplines
including neurophysiology, neuroanatomy, neural net-
works, computational analysis, bioengineering, met-
allurgy, chemistry, electrical engineering, psychology,
and applied clinical practice. Operative Neuromodula-
tion, as we defined above, is the science of implanta-
tion of these diversely conceived and manufactured
devices. It is the cutting-edge of development across a
wide range of scientific disciplines. In order to enrich the
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future of neuromodulation, it is important to make great
leaps forward in functionality, acceptance and profitabil-
ity of neuromodulatory devices and neuroprostheses.
Such progress will require the input and support of sci-
entists, industry, government, and education and re-
search organizations.

Undeniably, the great challenge is to gain a better
understanding of how neuromodulation exerts its di-
verse beneficial effects, an issue of mechanisms. Reach-
ing a deeper understanding of the mechanisms operant
when using these techniques will depend on progress in
biophysics, neural networks and neural transmission
research, computational biology, and particularly, com-
putational neuromodulation [5]. Also, the enhancement
of our capacity to intervene beneficially on dysfunc-
tional neural systems and help patients depends on prog-
ress in many new technological fields including neural
engineering microsystems technologies, microelectron-
ics, nanotechnologies, biomimetics etc. Such progress
is likely to create new opportunities and new fields of
clinical practice and research. With respect to neuro-
surgery, in particular, Operative Neuromodulation does
signify a transition of emphasis from the conventional
resection of masses and surgical ablative procedures to
a “new surgery”’ of neural re-engineering of deranged
function.

Conventional approaches

Neuromodulation as a field will be enhanced by the
expansion of our list of indications for therapeutic pro-
cedures. One such example is the currently explored role
of PNS in chronic neuropathic pain, cluster headache,
and trigeminal neuralgia. However, the practice of neu-
romodulation will not grow if our literature continues to
rely on published anecdotal material biased by the self-
serving evaluations of implanters and will only improve
if we base it on the results and conclusions of large
randomized controlled trials with sufficiently long fol-
low-up, after implantation. In these studies, patients who
have similarities in clinical profiles and implantation
times should be compared by independent observers
using consistent, valid and reliable measures. Moreover,
there should be multiple assessments of outcomes in-
cluding, but not limited to, pain, but also physical func-
tioning, medication use, work status, health care use,
and the impact of the technology on the quality of life
of patients. In addition, the neuromodulation practice
may improve by the use of computer modelling to pre-
dict successful response to neurostimulation and to cus-
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tomize the electrodes’ position and programming para-
meters for each individual patient.

Neurotechnological developments

There are many areas where important developments
may take place in the years to come. Functional restora-
tion may well involve combined application of what
have been considered separate approaches and include:

— Endoneural prostheses for peripheral nerve stimula-
tion (PNS); this important line of research has shown
that motor fibers stimulation can be more effective if
the electrode is placed in close proximity to the node
of Ranvier.

— Closed loop systems for neuromodulation; these sys-
tems represent an important development and aim to
be capable of “‘responsive neurostimulation” that is
not applied on fixed schedules, but is triggered by
central nervous system activity.

— Hybrid neural interfaces; these devices are a very
exciting area of development and are constructed with
the aim to establish connections for communication
with regenerating neurons.

— Spinal cord interfaces; developments in this area rep-
resent a great promise for many unfortunate human
beings who have suffered serious spinal cord damage.

— Intraspinal microstimulation via implanted microwires;
this most exciting work concerns the utility of such
products to enable functional movements of limbs in
experimental animals after spinal cord injury. It is
encouraging that coordinated intraspinal microstimula-
tion of motor neuron cell bodies in the ventral horn
produced fatigue-resistant stepping movements [4].

One of the most exciting approaches in rehabilita-
tion of locomotion after spinal cord injury may involve
a hybrid neural prosthesis consisting of a mechanical
gait orthosis (assistive technology) and electrical muscle
stimulation components which power, in part, the ortho-
sis. These may develop to fully implantable systems [9].
This approach may come to a higher level of develop-
ment if we manage to compensate not only for the motor
but also for the sensory deficit in spinal cord injury
patients with the application of closed-loop systems,
extracting information from either natural sensors (cuta-
neous, muscular or joint) or from cutaneous mechanore-
ceptors in order to control, with the use of a ‘“‘neural
controller” network, FES-based neural prostheses [2].
Undoubtedly, the limitations of existing neuroprostheses
should challenge us to identify new directions for con-
tinued research and development towards more com-

plex and intelligent systems. Consumer opinions and
frustrations regarding the features and functions of
current neuroprostheses should be taken seriously into
account in order to design better systems. To satisfy
such demands, future developments should aim to-
wards miniaturization and extreme integration of in-
formation-technology and information exchange between
the neuromodulation system and the patient’s body and
development of modular systems that can be adapted,
altered and adjusted to the patient’s specific needs with
relative ease.

Neuroprotective stimulation and integration
with biological therapies

A close collaboration between all involved disciplines
and patients who need and use these devices is of great
importance for the development of new neuromodula-
tion therapies. Immense therapeutic potential may arise
from the convergence of efforts and close collaboration
of patients, biomedical scientists, biotechnological engi-
neers and manufacturers. An area that has not attracted
sufficient interest and deserves to be investigated, in the
years to come, is the neuroprotective effects of neural
stimulation. This is a field of great promise because, in
the future, electrical stimulation will be based on ad-
vances in neural engineering such as micro-electrode
arrays [6] and will certainly be much more refined, pre-
cise and therapeutically effective. The potential of all
available modalities should be exploited. Particularly,
we must answer how electrical stimulation and biologi-
cal mechanisms of neural repair could work together in
order to maximize the recovery of function after CNS
damage. One can envisage the use of electrical stimula-
tion not only to alter signalling but to fill neural trans-
mission gaps, to direct growth of axons, and to exert
protective effects. Hence, the great new challenge will
be the convergence of neural prosthetics with neural re-
generation for restoration of function taking into ac-
count the current limits of stimulation technology. The
most powerful treatment strategies will be those that
combine technical innovations, biological approaches
and regenerative therapies that work together, interact
and amplify the efficacy of each other.

Epilogue

Practitioners and researchers in neuromodulation
should have a forward-looking perspective and envision
a new era of breakthroughs in the field. There are, how-
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ever, certain major issues that need to receive our full
attention in order to see further progress. Firstly, as pre-
viously stated, it is important to develop guidelines and a
better classification of the groups of patients who should
receive neuromodulation. Secondly, we must utilize to
its full extent the capability of new imaging techniques.
Thirdly, it is important to develop the right multidisci-
plinary teams. Fourthly, we should conduct high-quality
studies on both clinical and cost effectiveness. Fifthly,
we should strive to integrate advances in stimulation
technology with human neurobiology, neuroplasticity,
and neural repair and translate problems originating in
the medical setting into technological formulations of
the problem; by this process, we will make important
recent technological knowledge applicable in the clini-
cal environment. The future of neuromodulation, how-
ever, concerns more than simply a prediction of exciting
technological developments. What actually happens will
be the result of a complex interaction between: a shift
in mindset away from a dependence upon pharmacolog-
ical treatment, better awareness and understanding of
existing indications and applications, introduction of
new indications, better understanding of mechanisms
of action, improved case selection, more mature assess-
ment of outcome and better evidence regarding efficacy
[7]. In this book, we aimed to achieve three objectives.
Our first aim was to contribute towards a constructive
integrative relationship between the biomedical and
technological fields involved in neuromodulation. Sec-
ondly, we wanted to facilitate a world-wide dissemina-
tion of authoritative information regarding this scientific
field, and thirdly, we aimed to promote an expansion of
current medical practice and research into this area. It is
hoped that this book will have a positive impact in the

continuously evolving practice of neuromodulation. The
reader will be the judge of our success in meeting these
goals.

References

1. Krames ES (2006) Neuromodulation devices are part of our ““tools of
the trade”. Pain Med 7(S1): S3-S5
2. Lickel A, Sinkjaer T, Haugland MK (2000) Cutaneous mechanore-
ceptors to control functional electrical stimulation-based hand neu-
ral prostheses. In: Maciunas RJ (ed) Neural prostheses. American
Association of Neurological Surgeons Publications, Park Ridge, IL,
pp 331-346

. North R (2006) Definition of neuromodulation. E-mail communica-
tion, copy circulated to the Executive Committee members of the
International Neuromodulation Society (www.neuromodulation.com,
August 10, 2006)

4. Pancrazio JJ, Chen D, Fertig SJ, Miller RL, Oliver E, Peng GCY,
Shinowara NL, Weinrich M, Kleitman N (2006) Toward neurotech-
nology innovation: report from the 2005 Neural Interfaces Work-
shop. An NIH-sponsored event. Neuromodulation 9: 1-7

5. Sakas DE, Panourias IG, Simpson BA (2007) An introduction to
neural networks surgery, a field of neuromodulation which is based
on advances in neural networks science and digitised brain imaging.
Acta Neurochir Suppl 97(2): 3-13

6. Sanguineti V, Giugliano M, Grattarola M, Morasso P (2003) Neuro-
engineering: from neural interfaces to biological computers. In: Riva
G, Davide F (eds) Communications through virtual technology:
identity community and technology in the internet age. IOS Press,
Amsterdam, pp 233-246

7. Simpson BA (2006) Challenges for the 21* century: the future of

electrical neuromodulation. Pain Med 7(S1): S191-S194

. Simpson BA (2006) The role of neurostimulation: the neurosurgical

perspective. J Pain Symptom Manage 31 Suppl 4: S3-S5

9. Solomonow M, Reisin E, Aguilar E, Baratta RV, Best R, D’ Ambrosia
R (1997) Reciprocating gait orthosis powered by electrical muscle
stimulation (RGO II) Part 1. Performance evaluation of 70 paraplegic
patients. Orthopaedics 20: 315-324

[5%)

oo

Correspondence: Damianos E. Sakas, P. S. Kokkalis Hellenic Center
for Neurosurgical Research, 3 Ploutarchou Str, Athens 10675, Greece.
e-mail: sakasde @med.uoa.gr



Acta Neurochir Suppl (2007) 97(1): 11-19
© Springer-Verlag 2007
Printed in Austria

Electricity in the treatment of nervous system disease

H. Fodstad! and M. Hariz?

! Veterans Affairs Medical Center, New York, USA
2 Institute of Neurology, London, UK

Summary

Electricity has been used in medicine for almost two millenniums
beginning with electrical chocks from the torpedo fish and ending with
the implantation of neuromodulators and neuroprostheses. These im-
plantable stimulators aim to improve functional independence and qual-
ity of life in various groups of disabled people. New indications for
neuromodulation are still evolving and the field is rapidly advancing.
Thanks to modern science and computer technology, electrotherapy has
reached a degree of sophistication where it can be applied relatively
safely and effectively in a variety of nervous system diseases, including
pain, movement disorders, epilepsy, Tourette syndrome, psychiatric dis-
ease, addiction, coma, urinary incontinence, impotence, infertility, re-
spiratory paralysis, tinnitus and blindness.

Keywords: Deep brain stimulation; electricity; electrotherapy; ner-
vous system; neuromodulation; neuropacemaker; neuroprosthesis; neu-
rostimulation; stereotaxy.

“Is it a fact — or have I dreamt it — that by means of
electricity, the world of matter has become a great
nerve, vibrating thousands of miles in a breathless point
of time? Rather, the round globe is a vast head, a brain,
instinct with intelligence; or shall we say it is itself a
thought, nothing but thought, and no longer the sub-
stance which we dreamed it.”

Nathaniel Hawthorne (1804—-1864)

Historical background

By definition, electricity is a fundamental entity of
nature consisting of negative and positive charges, ob-
servable in the attractions and repulsions of bodies elec-
trified by friction and natural phenomena, and usually
utilized in the form of electric currents.

The first known use of electricity in medicine was
in AD 46 when Scribonius Largus, a pharmacist from

Neron and physician to the Roman Emperor Claudius
applied electrical currents from the torpedo fish to treat
headaches and painful gout [61, 94]:

“A chronic and intolerable headache which insis-
tently manifests itself can be eliminated at once if treat-
ed by applying a live torpedo fish, black in color, to the
site of the pain and leaving it there until the pain stops
and the part is swollen.”

The real breakthrough for electrotherapy came with
the scientific progress of the 18th century, especially af-
ter the discovery of the Leyden jar in 1746 [11]. In 1777,
Cavallo published “A complete treatise on electricity,
in theory and practice, with original experiments.” He
reported cures of epilepsy, paralysis, chorea, deafness,
blindness, rheumatism and glandular enlargement. He
was also the first to recommend electricity as means of
artificial respiration [11]. As early as 1774, Benjamin
Franklin noted muscle contractions on exposure to static
electricity [43]. After Franklin’s invention of lightning
rods in 1775, there were three important milestones in
the history of electrotherapy: The discovery of animal
electricity by Luigi Galvani in 1787, the discovery of bi-
metallic electricity by Alessandro Volta in 1794 and the
discovery of inductive electricity by Michael Faraday in
1831 [34, 81] (Table 1). Volta also invented the first elec-
tric battery in 1800. In 1804 Aldini, a nephew of Galvani,
recommended galvanism for deafness, insanity, amauro-
sis, and to produce artificial respiration [11].

Andrew Ure in 1818 used the body of a hanged crim-
inal immediately after execution to stimulate the phrenic
nerves in the chest with galvanic electricity, thereby pro-
ducing contractions of the diaphragm [106]. He thought
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Table 1. The evolution of electrotherapy

Torpedo-Fish
— Scribonius Largus AD 46

Magnetism and Static Electricity
— Gilbert

— Leyden Jar

— Wesley

— Franklin

— Cavallo

Bimetallic Electricity
— Volta

Galvanization
— Galvani

— Aldini

— Remak

Faradization
— Faraday
— Duchenne

Electropuncture
— Salandiere
— D’Etiolles
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the method might be used to resuscitate humans with
intact vital organs. Ure vividly described the events to
the Glasgow Literary Society:

“The left phrenic nerve was now laid bare at the outer
edge of the sterno-thyreoideus muscle, from three to four
inches above the clavicle; the cutaneous incision having
been made by the side of the sterno-cleido-mastoideus.
Since this nerve is distributed to the diaphragm, and
since it communicates with the heart through the eight
pair, it was expected, by transmitting the galvanic power
along it, that the respiratory process would be renewed.

The success was truly wonderful. Full, nay, laborious
breathing instantly commenced. The chest heaved and
fell; the belly was protruded, and again collapsed, with
the relaxing and retiring diaphragm. This process was
continued, without interruption, as long as I continued
the electric discharges. Extraordinary grimaces were ex-
hibited every time electric discharges were made on the

b

Fig. 1. (a) Title page of Duchenne de Boulogne’s monography 3rd edn 1872. (b) Duchenne stimulating the facial muscles in a patient



Electricity in the treatment of nervous system disease

supraorbital nerve. His countenance was simultaneously
thrown into fearful action; rage, horror, despair, anguish,
and ghastly smiles, united their hideous expression in
the murderer’s face, surpassing far the wildest represen-
tations of a Fuseli or a Kean. At this period several of
the spectators were forced to leave the apartment from
terror or sickness, and one gentleman fainted.”

In 1824, Flourens in Paris reported on faradic stimu-
lation and ablation of the cortex in experimental animals
[72]. The following year Salandiere proposed the use of
acupuncture needles in galvanization, so that the current
could be applied directly on the desired nerve or organ.
The method was called electropuncture and was used for
resuscitation by Leroy-D’Etiolles in 1840 [64].

In 1855, the French physician Guillaume Duchenne
de Boulogne published his pioneering monography:
“De [’electrisation localisee et de son application a
la physiologie, a la pathologie et a la therapeutique”
[31] (Fig. la and b). Duchenne was the first to suc-
cessfully use transcutaneous faradic stimulation of the
phrenic nerves for artificial respiration. He was fol-
lowed by Hugo von Ziemssen, who applied a DuBois-
Reymond faradic stimulator (shocking coil) to the
phrenic nerve to resuscitate a gas-poisoned patient
[34]. At the same time Remak founded a German
school of electrotherapy using galvanic current [11].
Interestingly, Duchenne was unwilling to admit the real-
ity of the discoveries of Remak, and Remak rejected
the conclusions of Duchenne. A comprehensive over-
view of contemporary electrotherapie was published by
Erdmann in 1858 [32].

Evolution of neurostimulation and lesioning

In 1870, Fritsch and Hitzig [41] observed limb move-
ment when stimulating the motor cortex of the dog, and
in 1873 Dittmar used guided electrodes experimentally
for the study of the vasomotor center in the medulla
oblongata [29]. The first documented account of apply-
ing electrical stimulation to the living human brain was
in 1874 by Roberts Bartholow in Cincinnati [10]. The
patient was a 30 year old woman with an “‘epithelioma”
(meningioma) and an open ulcer in the posterior portion
of the skull. Bartholow was able to stimulate the parietal
cortex with a “Galvano-Faradic Company double cell
battery” and insulated needles. He noted muscle con-
tractions on electrical stimulation which also triggered a
grand mal seizure. In 1884, Victor Horsley applied elec-
trical stimulation of occipital tissue in a patient with
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an encephalocele [109]. The conjugate eye movements
he observed led him to identify the stimulated tissue as
lamina quadrigemina. Ewald’s investigations in Germany
in 1896 may have been the first where the brains of fully
awake, unrestrained animals were stimulated over a long
period of time [107]. Talbert described the technique and
his own extension of Ewald’s work in 1900 [100].

In 1908, Victor Horsley and Robert Henry Clarke
applied their stereotactic instrument and electricity to
study cerebellar structures and functions in monkeys
[57]. They described in detail the use of direct current
(versus radiofrequency) to make lesions, a technique
later adopted in animal experiments worldwide [38, 78,
84]. In 1912, Clarke wrote about his instrument [38]:

“This invention relates to what may be termed stereo-
taxic surgical apparatus for use in performing opera-
tions within the cranium of living human beings.”

Clarke’s prophecy became reality 35 years later when
Spiegel and Wycis performed the first stereotactic op-
eration in man [96, 97]. In subsequent years, electrical
stimulation and recordings from selected subcortical
regions through stereotactically implanted probes were
performed in patients with parkinsonism, epilepsy and
psychiatric disease by Magnus Petersen [107], Robert
Heath [53-55], Carl Wilhelm Sem-Jacobsen [88-91],
Orlando Andy [5], N P Bechtereva [12] and Jose
Delgado [27]. Alberts and coworkers documented the
improvement of dystonia with intracerebral stimulation
in awake patients [2, 3].

Sem-Jacobsen was a controversial Norwegian psy-
chiatrist and neurophysiologist. In 1963, he published
an article about depth-electrographic observations in
psychotic patients [88]. He stated that “electrical stimu-
lation in some regions in the ventro-medial part of the
frontal lobe resulted in a temporary improvement to
complete freedom from symptoms”

Sem-Jacobsen was accused by Norwegian colleagues
of receiving grants from the CIA to perform experiments
on mentally ill patients. His name was cleared by a
government appointed review commission in December
2003, twelve years after his death.

Jose Delgado used remote radio stimulation of bulls’
brains to abruptly stop their aggressive behavior in the
arena [107]. In 1965 he summarized [26]:

“Autonomic and somatic functions, individual and
social behavior, emotional and mental reactions may
be evoked, maintained, modified, or inhibited, both in
animals and man, by electrical stimulation of specific
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cerebral structures. Physical control of many brain func-
tions is a demonstrated fact, but the possibilities and
limits of this control are still little known”.

In the nineteen twenties, Walter Rudolph Hess in
Switzerland and Stephen Ranson in USA used electro-
stimulation to explore the different regions of the hypo-
thalamus and related neural structures in animals [56,
83]. Their experiments provided support for the specu-
lative theory proposed in 1937 by James Papez that the
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limbic system (cingulate-hippocampus-fornix mamillary
bodies-anterior thalamus) in conjunction with the hypo-
thalamus may constitute the anatomical circuit which
regulates emotions [79] (Fig. 2a and b). In 1948, Hess
postulated that the hypothalamus consists of an anterior
trophotropic zone, which dominates during resting and
restorative activities, and a middle-posterior ergotropic
zone, which regulates physiological reactions accompa-
nying high arousal levels [56]. Hess received the Nobel

Fig. 2(a). The limbic circuit. (b) Subcortical
b targets in psychosurgery
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Prize in Physiology and Medicine 1949 for discovering
the role played by certain parts of the brain in determin-
ing and coordinating the function of internal organs.
He shared the prize with the Portuguese neurologist
and politician, Antonio Egas Moniz, who introduced
prefrontal lobotomy for psychiatric disease [33]. This
highly controversial procedure was soon to be replaced
by less destructive psychosurgeries using the stereotactic
technique [33, 36, 63, 75]. Concurrently, electroshock
therapy for psychiatric disease and depression was intro-
duced by Ugo Cerletti [20]. Based upon Hess’ studies
Sano in 1970 described the effect of electrical stimula-
tion of the posterior hypothalamus in man [87]. Stereo-
tactic thermolesions in the ergotropic triangle in 51
patients with pathologically aggressive behavior pro-
duced marked calming effect in 95% of the cases. The
procedure, which was called ““sedative therapy” encour-
aged a German group to perform stereotactic hypothal-
amotomies in 20 cases of pedophilia, hypersexuality and
exhibitionism “with complete harmonization of sexual
and social behaviour” [73]. A few years later, Nadvornik
and his group in Bratislava published a paper on ther-
molesions in the anterior hypothalamus for “hedonia,”
which they defined as “not only excessive smoking,
tobaccoism, but also excessive inclinations to good eating
and drinking, lucullianism and bacchism” [74].

In 1974 Quaade, Vaernet and Larsson performed
stereotactic stimulation and electrocoagulation of the
lateral hypothalamus in obese humans [82]. Three pa-
tients with gross obesity subjected to lesions in the lat-
eral hypothalamus showed “a statistically significant,
but transient decrease from preoperative to postopera-
tive spontaneous calorie intake.”

Despite the reported effectiveness of hypothalamot-
omy as a method to control behavioral disturbances,
serious moral, ethical and legal objections to these pro-
cedures have been raised [33, 65, 107].

As stereotactic neurosurgery progressed, stimulation
became routine for localization of targets in the brain.
Hassler, a former graduate researcher with Rudolph
Hess, recognized that thalamic stimulation caused cessa-
tion of tremor and might mimic the same effect as a
lesion [51, 52]. Similar observations of the stimulation
of various subcortical targets were made by Spiegel and
colleagues [43, 98] and Ronald Tasker and his group
[101].

Melzack and Wall’s “gate control theory of pain”
published in 1965 [69] laid the foundation for the start
of pain management by neuromodulation, including
transcutaneous electrical stimulation (TENS) [62], pe-
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ripheral nerve stimulation [99, 111], spinal cord stimu-
lation [76, 92], cortical stimulation [60, 105], and deep
brain stimulation (DBS) [58, 70, 85]. DBS and spinal
cord stimulation were also used for treatment of spas-
ticity and dyskinesia [93, 95]. Early neurostimulators
consisted of extracorporeal parts (radiotransmitter and
antenna) and implanted components (receiver and elec-
trode) [42].

Electrophrenic stimulation (diaphragm pacing) for
chronic ventilatory insufficiency was developed by
William Glenn in the 1960’s [45, 46]. The initially en-
thusiastic reports on spinal cord stimulation in multiple
sclerosis could not be substantiated in later trials [21,
43]. Visual cortex stimulation for blindness was first
described by Brindley in 1968 [18], and the first clinical
study on the use of vagal nerve stimulation for intracta-
ble epilepsy appeared in 1990 [47].

Current use of neuromodulation

Neuromodulation is defined as the use of electrical
stimulation by implanted stimulators to treat various
neurological conditions [1, 43]. Neurostimulation has
experienced a renaissance in the past two decades with
the introduction of totally implantable neuropacemakers
and image guided surgical systems, and the field is
rapidly advancing [66]. Neuroaugmentation to subcor-
tical structures via implanted electrodes has largely
replaced lesioning all over the world. DBS is a nonabla-
tive and reversible procedure with a low incidence of
permanent complications, and it is considered safer than
ablative lesions. The anatomical targets in the brain for
DBS remain more or less the same as for stereotactic
radiofrequency lesioning.

The current FDA (Food and Drug Administration)
approved indications for DBS in the United States are
unilateral or bilateral stimulation of the ventralis inter-
medius (Vim) nucleus of the thalamus for essential trem-
or and parkinsonian tremor, and unilateral or bilateral
stimulation of the internal globus pallidus (GPi) and
subthalamic nucleus (STN) in Parkinson’s disease [13,
14, 71]. FDA approval was based on the report of “The
Deep-Brain Stimulation for Parkinson’s Disease Study
Group’ published in 2001 [103]. However, the report has
been subjected to criticism for inaccurate documentation
of side effects [49]. Benabid introduced STN as the main
target in Parkinson’s disease, but STN stimulation is
hampered by psychiatric side effects due to the nucleus’
proximity to hypothalamus and the limbic circuitry
[14, 80].
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Some DBS surgery complications may be closely
related to the experience and techniques of the neuro-
surgical team. Hardware complications (electrode mi-
gration, lead breakage, stimulator malfunction) and
other side effects occur in a significant number of pa-
tients [16, 42, 50, 77]. The use of single-cell microelec-
trode recordings for alleged accurate target placement of
the electrode, which has become routine in many cen-
ters, may increase the surgical complications, including
hemorrhage [48]. The modern neuropacemakers require
repeat programming of the electrical paradigms by a
specially trained health employee to meet the changing
needs of each individual patient. The implanted non-
rechargeable batteries need to be changed every three
to five years.

The exact mechanism of action of DBS is not yet
known. Possible mechanisms include depolarization
blockade, channel blocking, synaptic failure, antero-
and retrograde effects, effects on non-neuronal cells,
effects on the local concentrations of ions or neuroactive
molecules, and neuronal energy depletion [68]. The
long-term effect of chronic electrical stimulation on
brain tissue and function is not well understood.

The indications for DBS in movement disorders in-
clude (but are not limited to) tremor, bradykinesia, dys-
kinesias, rigidity, dystonia and gait disturbance [7, 17,
24]. In addition, DBS has been reported to be successful
in treating chronic deafferentation pain [58], cluster
headaches [9, 39], epilepsy [15, 22, 108], obsessive-
compulsive disorder [4, 6], Tourette syndrome [110],
depression [59, 67], violent behavior [40] and other neu-
ropsychiatric disorders [86]. Motor cortex stimulation
has been applied for chronic pain [60, 105] and the
auditory cortex has been stimulated magnetically and
electrically for intractable tinnitus [25]. Transcranial
non-invasive magnetic stimulation has been reported by
several authors to be effective in controlling intractable
epilepsy [28, 102]. Neurostimulation and neuromodu-
lation is also used for restoration of hand function and
gait [1], improvement of peripheral circulation [8, 30],
bladder control [76], fertility management [1], respira-
tory paralysis [37, 46], chronic hiccup [35], blindness
[44], cerebral palsy [23] and coma [104].

DBS is now an established method in treating move-
ment disorders and pain. Thanks to functional imaging,
new areas in the brain are shown to be involved in some
pathological processes. These areas are now being sub-
ject to DBS to see if they can be electrically inhibited
[9, 66]. DBS should still be regarded as experimental in
psychiatric disease and embryonic in many other men-
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tioned disorders until the reported results have been ver-
ified in controlled studies in a larger number of patients.
DBS should be considered only for patients in whom
other established therapeutic modalities have been car-
ried out. Current practice and ongoing trials of DBS in-
cluding brain targets are shown in Table 2a and b.

History seems to repeat itself, as electricity is cur-
rently being tried for almost any kind of nervous system
disease with physicians looking for specific stimulation
targets in the brain for certain symptoms and diseases.
Neuronal circuits rather than specific nuclei are fre-
quently targeted, and different targets often respond
equally to electrostimulation for the same disorder.
The voluminous recent literature on DBS indicates that
it is in danger of becoming a new method in search for
more diseases.

Table 2. (a) Routine use of dbs

Parkinson’s disease

— Nucleus ventralis intemedius (Vim), globus pallidus internus (GPi),
subthalamic nucleus (STN), zona incerta

Dystonia

— Globus pallidus internus (GPi)

Tremor (essential, cerebellar and MS)
— Nucleus ventralis intermedius (Vim), zona incerta

Choreoathetosis

— Nucleus ventralis intermedius (Vim), nucleus ventro-oralis posterior
(Vop), globus pallidus internus (GPi), zona incerta

Deafferentation pain

— Nucleus ventro-postero-medialis (VPM), nucleus ventro-postero-
lateralis (VPL), Centromedian nucleus (CM), periaqueductal gray
(PAG), periventricular gray (PVG)

Table 2. (b) Current trials of dbs

Epilepsy
Anterior thalamus, centromedian nucleus (CM), subthalamic nucleus
(STN), hippocampus

Cluster headaches
— Posteromedial hypothalamus

Obsessive compulsive disease
Anterior limb of the internal capsule, nucleus accumbens

Tourette syndrome
— Centromedian nucleus (CM), nucleus ventro-oralis internus (Voi),
globus pallidus internus (GPi), periventricular gray (PVG)

Depression

— Anterior limb of the internal capsule, nucleus accumbens, anterior
cingulum

Drug addiction

— Nucleus accumbens

Violent behavior
— Posteromedial hypothalamus

Obesity
— Anterior hypothalamus
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The only commercially available deep brain stimula-
tor (Medtronic Inc) is unreasonably expensive, and
aggressive marketing and sponsoring by the sole sup-
plier raises concerns about conflicts of interest.

Thanks to past trials and errors together with scientif-
ic progress and technological advancements, we have
reached a point where electricity can be applied rela-
tively safely and effectively in the management of a
great variety of nervous system diseases. However, im-
provements in screening and standardization of tech-
niques will be needed in the future. There remains no
consensus on best DBS practices, and the refinement of
transplantation procedures and controllable genetically
engineered stem cells may render these systems irrele-
vant and obsolete in the future. In the world of contem-
porary neuroaugmentative procedures, one must always
keep in mind the cautionary words of Malcolm Carpen-
ter, renowned neuroanatomist [19]:

“Personally, I feel that stereotaxic surgery has much
to offer, if properly controlled and used judiciously.
Some of the wild things that are done without a scientific
rational jeopardize the entire effort.”
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Summary

The pace of technology dictates changes in every aspect of human
life. Medical profession is not an exception. The development of sophis-
ticated electronic devices has radically influenced diagnosis and therapy.
Today neurosurgical science is revolutionized with numerous implanted
and non-implanted devices that modulate and stimulate the nervous
system. Physicians, patients and non-technical experts involved in this
field need to understand the core mechanisms and the main differences
of this technology so that they can use it effectively. It will take years
until clinicians reach a “consensus’ about the use of these devices, but
in the course of action objective information about the current status of
the methods and equipment, and the technical, biological, and financial
complications that arise in practice will speed up their public approval
and acceptance.

Keywords: Neuromodulation; neurotechnology; neurostimulation;
neurodevices; neuroprostheses; brain-computer interface (BCI); assis-
tive technology (AT); functional electrical stimulation (FES).

From neurotechnology to neuromodulation

According to the International Neuromodulation
Society, “Neuromodulation is defined as the therapeu-
tic alteration of activity in the central, peripheral or
autonomic nervous systems, electrically or pharma-
cologically, by means of implanted devices” [13]. In
this usage, neuromodulation is another form of tech-
nology where the knowledge about the nervous sys-
tem is used to create specially designed implantable
devices to serve a therapeutic or rehabilitation purpose.
On the other hand our current efforts combine technical
methods, skills, processes, equipment, and information
from biology (biochips, genetic engineering, and cel-
lular implantation), neuroscience, mechanics, electro-
nics, computing, and pharmacology in order to surpass
the field of neuromodulation. This interdisciplinary
nature of the fields combined is reflected in the term

“neurotechnology”’, a multi-billion dollars industry that
includes three sectors [17]:

1. Neurodiagnostics (neuroimaging, in vitro diagnostics,
neuroinformatics).

2. Neuropharmaceutical (cogniceutical, emoticeutical,
sensoceutical).

3. Neurodevices (neurostimulation, neuroprosthetics,
neurosurgical).

More specifically, recent advances in the fields of neu-
roscience, robotics, and electronics have caused a resur-
gence to develop neurodevices for interaction with the
impaired neuro-muscular and sensory system in order
to restore or decrease the impact of a disease or injury
on the individual. For example, in an attempt to bypass
pathological motor or sensory nerve circuits, implanta-
ble or non-implantable devices have been invented to
restore vision, hearing, motor, and sensory function.

In this review, we classify and summarize the current
state of neuromodulation related technologies i.e. neu-
rostimulation and neuroprosthetics. The third category,
neurosurgical devices for navigation, radiosurgery, and
endovascular intervention is beyond the scope of our
review. Apart from the classification criteria in the next
sections we define terms related to the technology used
for the development of neurodevices and we present a
short description for each type of device, an abridgment
of the surgical operation required and an application
example. In addition, we give a short description of the
similarities of Assistive Technology (e.g. wheel chairs,
artificial limbs, augmentative-alternative communication)
with the neurodevices and we conclude our review with
frequently met issues i.e. complications and risks, finan-
cial implications, and future prospects.
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Classifications of neurodevices

Rehabilitation is an application field for implantable
neural devices. Diseases and traumatic incidents may lead
to damage or lesions in the central or peripheral nervous
system. When the information flow between any of the
following: brain, spinal cord, nerves, biological sensors
and actuators, or muscles, is interrupted, sensoric inputs
are lacking and vision or hearing is lost. If motor com-
mands from the brain do not reach the muscles, paralysis
occurs. The objective of neural rehabilitation is the re-
storation of lost functions using therapeutic programmes
and technical aids. Because of the tremendous complex-
ity of the human nervous system, technical aids only
lead to restricted restoration in function. However, what
may seem to be a small improvement to a healthy person
may be a great improvement in quality of life for a
disabled person.

Neurodevices can be classified according to the fol-
lowing criteria:

— stimulation (i.e. pharmacological vs. electrical);

— application (i.e. neuroprosthesis vs. neuro-orthosis);

— purpose (i.e. therapeutic vs. assistive vs. rehabilitation);

— site (i.e. implantable vs. external);

— invasiveness (i.e. invasive vs. non-invasive);

— communication channel (i.e. unidirectional vs. bidir-
ectional);

— effect on the nervous system (i.e. central nervous sys-
tem damage vs. denervation).

Pharmacological vs. electrical

This distinction fits with the definition of neuromo-
dulation and leads to two of the main categories for
neurodevices namely ‘‘stimulators” and “‘pumps’. In
particular, stimulators are devices that use electricity to
stimulate the brain, the cord, and the peripheral nerves,
whereas pumps refer to implantable devices that inject
a pharmacological substance into the nervous system
(e.g. baclofen for spasticity or morphine for pain).

Neuroprosthesis vs. neuro-orthosis

In terms of the application of neurotechnology, de-
vices can be categorized to those that couple an artificial
system with the physiological system in order to re-
place or supplement a neuromuscular or sensory function
(vision, hearing, tactile), i.e. ‘“‘neuroprosthesis’’, and are
contrasted to those that influence/modulate the neural
controller to achieve an ample relief of symptoms of a
disease and/or to train the physiological system until the
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function is performed adequately without any support,
i.e. “neuro-orthosis’’. Characteristic type for this kind
of devices is the neurostimulation devices.

Therapeutic vs. assistive vs. rehabilitation

Perhaps the most important criterion for distinguish-
ing neurodevices is the purpose of their development,
i.e. neurostimulation may be used for muscle contraction
to assist in breathing, grasping, reaching, bladder and
bowel function. On the other hand TENS (transcutane-
ous electrical nerve stimulation), does not involve mov-
ing muscles, but prevents secondary complications and
is aiming at a relief of symptoms (i.e. spasticity, tremor,
atrophy).

Yet other devices are applied for rehabilitation, usu-
ally after the therapy, and their objective is full resto-
ration or improvement of recovery with some form of
training. A third type of device may be complementary
to the other two or self-contained and is targeted to
supplement, replace or even enhance a function. This
type is commonly referred in the literature as an assis-
tive technology device. Therapeutic and assistive tech-
nology devices may permanently accompany the patient
for the rest of his life.

Implantable vs. external

There are two types of implantable devices: one that is
completely internal and one with both internal and exter-
nal components. In the first, the power source (battery)
and lead(s) are surgically implanted, whereas in the sec-
ond a receiver is implanted and detects radio-frequency
signals through the skin from an external power source
[17]. On the other hand external devices may be “worn”,
e.g. electrodes are attached on the skin and have either a
wired or wireless connection to the device [24].

Invasive vs. non-invasive

Devices that require surgery can be implanted at some
point in the body and are considered invasive (e.g. deep
brain stimulation, DBS) in contrast to those that may
operate externally with surface electrodes attached on
the surface of the body (e.g. peripheral nerve stimula-
tion, PNS).

Unidirectional vs. bidirectional communication

The human nervous system is a two-way communica-
tion system. It has two main types of signals, those that
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travel from the brain to the limbs (motor signals) and
other signals that go in the opposite direction and carry
electrical messages from the limb, trunk, or the head,
to the brain (sensory signals). Similarly, there are de-
vices that they have controller units that are able both
to send and receive signals. Coupling the human ner-
vous system with electronic and/or robotic prostheses
by means of appropriate electrodes ought to permit
a bidirectional travelling of signals; from the nervous
system to the artificial one (i.e. stimulation) or the op-
posite (i.e. electrophysiological signal recording). Most
important, the user of these devices must be aware of
their status and the level of performance, likewise pro-
prioception. Then it is possible to regulate the con-
troller and adjust the parameters to meet the changing
conditions. This type of information that the user re-
ceives back about the functioning of the device is called
biofeedback.

Central nervous system damage vs. denervation

When there is an injury or disease in central nervous
system the muscle and its nerve supply remain healthy.
In such cases we may replace the natural electrical com-
mand signals that originate from the brain with artificial
electrical signals that come from a device. External PNS
also known as functional electrical stimulation (FES) or
functional neuromuscular stimulation (FNS) is a charac-
teristic type of stimulation applied in those cases. For
example, peroneal nerve stimulation helps clear the toes
during the gait cycle when we have a dropped foot pro-
blem in hemiparesis.

When the peripheral nervous system is affected the
nerve-muscle connection is broken. This happens in per-
ipheral nerve disorders or injuries and in nerve-muscle
diseases. In this case, the central nervous system remains
intact but access to the periphery is blocked. Researchers
have developed special stimulation equipment to acti-
vate denervated muscle directly bypassing the damaged
peripheral nerve.

Functional electrical stimulation (FES)

The concept of FES was put forward by Liberson in
1960 for the correction of dropped foot in hemiplegic
subjects [15]. Liberson applied FES as an alternative to
an ankle foot-orthosis (AFO) to restore functional move-
ment of paralysed muscles. A development of his device
the Odstock Dropped Foot Stimulator (ODFS) consisting
of “a single channel, foot switch triggered stimulator
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designed to elicit dorsiflexion and eversion of the foot
by stimulation of the common peroneal nerve” [24], is
widely used in Europe and it started becoming popular
in United States [4]. Every FES device is composed by
four main components, the electrodes, the stimulator, the
sensors or switches, and the leads that connect the elec-
trodes to the stimulator. Currents in the electrodes cause
either the weakened or paralyzed muscles to contract
or stimulate the tissues without muscle movement. The
sensors or switches constitute the interface with the
stimulator that controls the strength and timing of the
electrical pulses that flow to the electrodes. In FES
low level electrical current is applied at specific points
of the body to restore or improve function (cardio-
vascular, bladder and bowel, breathing, grasping and
reaching, transfer and standing, stepping and walking,
erection and ejaculation, circulation), to prevent or
treat pressure sores, contractures, osteoporosis, weak
muscles, to control spasticity, tremor, to restore sensa-
tion, to regain voluntary function or improve movement
control [17]. Apparently FES is not limited to the stim-
ulation of the central or peripheral nervous system, but
it is extended to a direct stimulation of muscles (i.e.
cardiac pacemaker). In the following paragraphs we
describe other subcategories of FES devices according
to their primary purpose and effect they have on the
nervous system.

Functional neuromuscular stimulation (FNS)

When FES is used to move parts of the body we call it
functional neuromuscular stimulation (FNS). FNS oper-
ates by stimulating motor nerves as they enter muscles
by injecting automated control signals. The contraction
of the muscles restores either movement such as limb
function, hand grasp, or improves function, such as
bowel and bladder operation. Neuromuscular electrical
stimulation is also known with the abbreviation NMES.
It has shown promise in promoting motor relearning in
cases where previously learned motor skills are lost fol-
lowing brain injury, in a stroke for example, by encoura-
ging movement repetition and possibly by promoting
cortical reorganization. There are two types of FNS,
automatic or synchronous FNS, in which muscles are
stimulated to move without conscious effort and EMG-
EEG triggered FNS, where the user supplies commands
asynchronously. In present days FES systems rely on
automated control signals. A neuroprosthetic arm devel-
oped in Cleveland FES center [17] is driven by an exter-
nally worn joystick on the contralateral shoulder [7].
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Neurostimulation devices

The heart pacemaker is considered the first and
most renowned application of electrical stimulation.
This device applies low level electrical currents to
the muscles of the heart to restore the beat rate or
improve the beat rhythm. Neurostimulators evolved
from cardiac pacemaker technology and use the same
principle. In 1963, scientists managed to electrically
stimulate and activate the phrenic nerve for long-term
artificial respiration [8]. In neurostimulation, electri-
cal stimulation is applied to nociceptive pathways of
the central nervous system to modulate pain, spasti-
city, abnormal movements and seizures in patients
suffering from spinal cord and brain injury, cerebral
palsy, stroke, epilepsy, and multiple sclerosis. Periph-
eral nerve stimulation is also used to treat upper/
lower extremity nerve problems.

Transcutaneous electrical nerve stimulation (TENS)

If the primary aim of FES does not involve moving
muscles, then it may be called simply electrical stimula-
tion (ES), transcutaneous electrical nerve stimulation
(TENS), or electrotherapy. In such cases, the primary
purpose is to treat the sequellae of spinal cord injury
or multiple sclerosis. These include pain, deep venous
thrombosis, pressure sores, spasticity, contractures, oste-
oporosis, atrophy, and tremor.

Peripheral nerve stimulation (PNS)

In PNS, depolarization with electrical current pulses
on the surface of the nerve are generated to treat painful
paresthesias. PNS has been suggested for the control of
chronic intractable neuropathic pain. The most common
nerves treated with PNS are ulnar, median, radial, tibial,
and common peroneal nerves [23].

Spinal cord stimulation (SCS)

s

SCS is based on the ‘““gate-control theory™ of pain.
Ionic activity in the cell membranes either opens or
closes the pain “gate”. Accordingly, strategically placed
epidural electrodes stimulate the dorsal horns of the
spinal column to regulate the flow of nerve impulses
from peripherally to the central nervous system (CNS).
Implanted spinal cord electrical stimulation was intro-
duced in 1967 by Shealy et al. [22]. Therefore, SCS is
the oldest and most frequently applied neurostimulation
method. There is a significant body of literature on clin-
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ical efficacy studies, and the effectiveness has been cross-
examined internationally [14, 25].

Sacral nerve stimulation (SNS)

SNS is a surgical procedure in which electrodes are im-
planted surgically through the sacrum. A small generator
device, implanted in the lower abdomen, sends electric
pulses that stimulate the sacral nerve, which in turn, stim-
ulates bladder and bowel function. SNS is applied only
after less invasive treatments of urge continence have
failed. FDA approved SNS device for treatment of re-
fractory urinary urge continence in September 1997.
Ontario Health Technology Advisory Committee reports
that “since 2000, 5 international health and technology
assessments (HTA) have been conducted to evaluate
SNS. All 5 HTAs reported that SNS was effective’ [20].

Vagus nerve stimulation (VNS)

In 1997, FDA approved VNS to assist in controlling
epilepsy related seizures that are intractable to drug or
surgical therapies. In VNS, an electrode is implanted and
connected to the left vagus nerve. A generator is placed
under the collarbone and is programmed to deliver stimu-
lation of the vagus nerve at set intervals [9].

Deep brain stimulation (DBS)

DBS involves surgical implantation of a multiple elec-
trode lead in the thalamic, pallidal or subthalamic areas
of the brain. The leads are connected to an implantable
pulse generator (IPG) that is activated by the patient to
send a constant stream of electrical pulses to the brain in
order to block the tremor [27]. This surgical procedure is
used to treat severe essential tremor, rigidity and brady-
kinesia associated with Parkinson’s disease, as well as
dystonia and other conditions like depression and ob-
sessive-compulsive disorder. A DBS device designed to
control tremors in patients with Parkinson’s disease (PD)
or essential tremor (ET) was the third type of device
approved by the Food and Drug Administration (FDA)
in 1997.

Neuropharmaceutical devices

Oral or intravenous medication has the drawback that
is diffused throughout the entire body and only a small
percentage of the digested substance reaches eventually
its final target. By surgically implanting a pump at the
precise location where the problem exists, we can pump
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medication directly. This drastically cuts down the dose
needed, it is often more effective, and it has fewer side
effects. There are a lot of alternate infusion routes for
certain treatments. Such are intrathecal or epidural spi-
nal pumps that deliver small doses of morphine in the
subarachnoid or epidural space [11]. Other types of
pumps include intravenous, intra-arterial, subcutaneous,
intraperitoneal and intraventricular. The device is sur-
gically positioned in a subcutaneous pocket in the ab-
dominal wall, and a catheter is threaded into the desired
position. The period and the volume of the infusion can
be adjusted by the physician and the reservoir can be
easily refilled with an external needle injection through a
self-sealing septum in the pump.

Neuroprosthetic devices

In all aforementioned devices their main distinctive
characteristics refer to the type of stimulation (electrical
or pharmacological) and the exact position they are in-
serted. Nevertheless, according to the classification cri-
teria we listed in previously there are other ways we can
differentiate neurodevices. Such systems augment, sup-
plement, or complement the nervous system. The term
neuroprosthesis was coined to accentuate the interaction
and the coupling of the two systems; the nervous and the
artificial one. Neural prostheses are devices, which can
restore very successfully lost functions resulting from da-
mage to the nervous system. They can take the form of
both implanted and externally worn aids to restore many
different functions in spinal cord injury and provide
patients with remarkable improvements to their quality
of life. These devices can be powered and controlled
through radio links or have their own in-built power
and control. The range of such devices now available
to patients is considerable, from vital assistive devices
such as heart pacemakers and phrenic nerve stimulators
for breathing to multi-channel stimulators capable of
restoring useful movements. A neuroprosthetic device
shares a lot of common features with neurostimulation
devices. They are both considered as artificial control
systems with a controller, actuators, mechanics and sen-
sors. This system operates in parallel with the affected
part of nervous system. It is mainly the signal acquisi-
tion, the type of control, and the interaction that distin-
guishes neuroprosthesis from neurostimulation. To make
a solid point on that terminology issue another frequent-
ly term met in the literature review, ‘“‘biomechatronics”,
is closely related to neuroprosthesis. Biomechatronics
focuses on the interactivity of biological organs with
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electromechanical devices and systems [4]. The primary
aim on this field concerns the development and study of
artificial hybrid bionic systems and therefore it is not
limited to applications such as prosthetic devices. In
the sections to follow we summarize systems that have
been developed to artificially replace, restore, or aug-
ment central sensorimotor control and communication.
These can be categorized as artificial prostheses aiming
at augmenting functions or substituting parts of the body
(e.g. vision, hearing, movement and exoskeletons).

Neurosensor prosthesis (NSP)

Retinal implants

Retinal implants are neuroprosthetic devices that have
the ability to restore vision to some extent by converting
the light signals to electrical current stimulation on func-
tional neurons in the retina of the eye. Retinal implants
are discerned to subretinal, designed to replace photo-
receptors in the retina, and epiretinal, designed to com-
municate directly with the ganglion and bipolar cells.
People with degenerative diseases of the retina such as
retinitis pigmentosa and macular degeneration may be
suitable for treatment. All retinal implants require an in-
tact optic nerve pathway to allow them to function [21].

Auditory brainstem implants

An auditory brainstem implant (ABI) is an implanted
electronic hearing aid, designed to generate hearing per-
ception, to a person with severe deafness, by electrically
stimulating the cochlear nucleus in the brainstem. The
device is composed by an external microphone, a sound
processor and an implanted electrode system. The sys-
tem mimics the inner ear by detecting ambient sounds,
digitalizing them and sending them in the form of elec-
trical current through the implanted electrodes a mem-
brane, which contains the electrode contacts and is
inserted surgically and applied on the cochlear nucleus
surface in the brainstem. Hearing through an implant
may sound different from normal hearing, but it allows
many impaired people to communicate with oral com-
munication and over the phone [5, 26].

Neuromotor prosthesis (NMP)

The core mechanism of this type of devices is the re-
cording of bioelectrical signals (e.g. EEG, EMG) from the
central or peripheral nervous system, and the processing —
translation of them into commands for the prosthesis
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or other environmental control device. Neuromotor
prostheses are now being developed to provide a new
pathway or effector between the brain that remains in-
tact and able to generate motor plan, and external de-
vices or paralyzed muscles. There are two types of
movement which neuromotor prosthetics must restore:
those related to physical movement and those related to
communication. The requirements for effective operation
are the ability to sense neural activity related to motor
plans or actions, the transformation or decoding of this
activity into an output signal, and then the coupling of
that output to assistive devices or to the muscles as quick-
ly and accurately, as the intact nervous system [6, 7].

In Cyberkinetics, a team of surgeons implanted a
4 x4 mm, 100-channel electrode array on the surface of
the primary motor cortex (MI) of a 25 year-old quad-
riplegic ventilator-dependent male. [18]. The surgical
procedure consisted of an incision and 3 cm diameter
craniotomy to place the sensor in the precentral gyrus im-
mediately posterior to the superior frontal sulcus. Using
the BrainGate system the patient gained control of a
brain-computer interface and was able to operate the
cursor on a computer screen while performing other vol-
untary motor tasks. NMP relies on the same principle as
FNS, both systems attempt to reconnect the brain to the
intact neuromuscular system by stimulating motor nerves
as they enter muscles, causing the latter to contract. The
difference is on the control mechanism of stimulation.
FNS is using automated control, thus, it usually sends
continuously a signal to the motor nerve while NMP is
recording a sufficient residual voluntary movement and
transforms it asynchronously into an electrical signal
that is fed into the motor nerve for stimulation [19].

Biohybrid systems

The combination of microsystems with biological cells
and tissues, known as biohybrid systems, are offering
completely new product possibilities for diagnosis and
therapy. Microsystem technology is quite new in the field
of neural prostheses and will offer solutions where ana-
tomical restrictions in space and the application itself
needs a high technical complexity to deliver the adequate
performance as it is necessary in a retinal vision pros-
theses, for example.

Brain computer interfaces (BCI)

Restoring function to those with motor impairments
with NMP devices involves providing the brain with a
new, non-muscular communication and control channel,
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to convey commands and messages to the external envi-
ronment [2, 28]. In the 1970s, Jacques Vidal used the
term ‘brain-computer interface’ to describe any com-
puter-based system that can ‘wire-tap’ brain activity.
Present usage of the term denotes systems that support
alternative or augmentative communication and control.
BCI is coupling the brain. Instead of the nerves and the
motor plan we have computer hardware and software.
Electrophysiological signals are the input of BCI and
output depends on the type of application (e.g. computer
access, environmental control, neuromotor prosthesis
control). The two systems, the user and the BCI, interact
in a closed loop fashion. During the training cycle, BCI
transmits a cue to the user, then it acquires the response
as an electrophysiological input from the user, next
it translates the signal into output to control a device.
When user-intended command is executed the individual
receives a type of feedback through the sensors about the
resulted action. The consequence of this is that the user
in turn adapts to the BCI by modifying the response and
the BCI should adapt according to the learning ability of
the user by increasing the level of practice. Successful
operation of the BCI is the result of adequate adaptation
of each system through the use of feedback.

Similarities of assistive technology with the
neurodevices

Assistive technology is defined in the Technology-
Related Assistance Act (Tech Act, 1988) as “‘any item
piece of equipment, or product system, whether acquired
commercially off the shelf, modified, or customized, that
is used to increase, maintain, or improve functional cap-
abilities of individuals with disabilities”. AT may im-
prove the physical or mental functioning of the disabled,
enable them to accomplish daily living tasks, assist
them in communication, education, work or recreation
activities. In other words help them achieve greater in-
dependence and enhance their quality of life. One can
immediately realize that AT and Neurotechnology share
a common objective which is to help the individual to
overcome a disability or impairment.

When AT is divided into categories or product fam-
ilies, one can notice the similarities with neurodevices
taxonomy. In particular prosthetics and orthotics, vision
and reading aids, hearing and listening aids, include
both neurotechnology and non-electronic equipment
that assist the disabled. More specifically Augmentative
Alternative Communication (AAC) is built around the
concept of communication of the impaired individual
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with the environment. AAC involves alternate methods
of communication through the use of electronic and
non-electronic devices for the disabled. It includes com-
munication boards, text-to-speech software, speech re-
cognition software, head wands, mouth sticks, signal
systems, and others.

In two other categories of AT namely environmental
control systems (ECS), and computer access aids, appli-
cations of the brain computer interface are commonly
included. ECS enable someone with limited mobility
to control various electrical appliances. Computer access
aids include alternative input and output devices to-
gether with adapted software applications that enable
persons with disabilities to access, interact with, and use
computers.

Technical and biological complications

Three decades of continuous development of implant-
ed devices and technological progress make operative
techniques safer, and the equipment implanted more
robust. Nevertheless there are both technical and biologi-
cal complications that arise from their use. For instance,
spinal cord stimulation devices have been examined and
studied extensively for more than thirty years. In a re-
cent literature review, researchers report that the most
common problems with the operation of the device are:
lead migration, lead breakage, over- or understimulation,
loose connection, battery failure, hardware malfunction.
In addition, biological complications include infection in
the tissues surrounding the implant, cerebrospinal fluid
leakage, and pain at the incision electrode or receiver
site [3]. In the same review, it is most encouraging to
notice that the percentage of incidence of these cases is
very small compared to the total number of patients with
an implanted device.

Another characteristic example of technical complica-
tion is the type of interaction of the user with the neu-
rodevice. In certain functional electrical stimulation
operated devices the stimulation is handled automatical-
ly for safety reasons. Conscious intervention from the
user to handle the operation of the device is a highly
complex task. “To accomplish this, the device must be
able to detect specific brain activity at any time a com-
mand is intended, and disregard all other brain activity
that arises when the user is performing other tasks™ [1].

Many devices need adjustments; if the surgeon or the
clinician is new to the device she/he must receive gui-
dance from a qualified engineer for this type of devices.
That simply means that the surgeon must be interested
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and even skilled at implanting and using the device [5].
Another complication regards insurance and indemni-
fication. In feasibility and/or clinical trial studies, the
physician has to examine whether the patient is covered
by his or her insurance for injury claims, device mal-
function, or even death resulting from faulty equipment
and the extent of liability of the manufacturer [5].

Embracement of neurotechnology in the medical
profession

In 1998, Health Technology Advisory Committee
(HTAC), reviewed neurostimulation devices and found
that [12]:

i. There are not large-scale clinical trials published in
medical literature.

ii. Devices are appropriate for a small number of pa-
tients compared to the total number of patients with
a disorder. This is due to the fact that there are strict
criteria based on various assessment tests that include
or exclude a patient from a clinical trial.

In United States gaining FDA approval may take years.
Safety and effectiveness of the device is tested on a large
group of subjects in order to gather sufficient informa-
tion from multicenter clinical trials. This is one of the
main reasons that today many neurotechnology devices
are investigational. Moreover, even if it is approved by
FDA, clinicians will reach a ““‘consensus” in many years
to accept them in their practice. That means the clinical
availability of the device may be restricted or limited in
only a few clinical research centers around the world
[17]. Other reasons that prohibit the embrace of this
technology in the medical profession include technical
problems, poor documentation and training for the prac-
titioners and absence of continuous development [24].

Financial implications

Neurotechnology is an expensive complex technology
for many reasons; treatment is usually very specialized,
it is a new technology in the medical marketplace and
the cost of the components of the devices is substantial.
The battle for dominance of neurodevices over neuro-
pharmaceuticals is enduring. Evidence presented in the
review from Taylor et al. showed that the actual cumu-
lative cost for SCS treatment of chronic pain incurred in
diagnostic imaging, implantation, hospitalization, phy-
siotherapy, maintenance of the stimulator, for a 5-year
period is economically favorable in comparison to best
conventional pain therapy method but in the first two
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years the cost is significantly more for SCS [25]. More
important, in a similar study by Kumar et al. an assess-
ment of the SCS group indicated a 27% improvement in
quality of life compared with 12% improvement for the
control group. In addition, 15% of SCS-treated patients
were able to return to employment but none was able to
return to employment from the control group [14].

Future prospects

There are 1.5 billion people worldwide that suffer
from neurological diseases and psychiatric illnesses, the
largest and fastest growing medical sector [16]. Until
recently, stimulation methods were usually the last re-
sort, when patients were intractable to medical and other
non-invasive treatments or when other more conservative
therapies had proved ineffective in addressing a particu-
lar condition. As the technology advances, implantation
technique is simplified, devices are miniaturized, dur-
ability and reliability is prolonged, and effectiveness is
increased while side-effects are decreased. Despite all
these improvements, Neurotechnology is still at an in-
fancy stage and progress resembles the adoption and
development path of cardiac pacemakers. “Systems now
in use rely on rather gross levels of electrical stimulation,
placement is relatively imprecise, and control param-
eters are empirically derived” [3]. In the same article,
the authors report that “these devices are not modulated
by feedback sensed by the system, are always “running”
and require subjective human intervention for calibration
due to changes in the patients state”. Neurostimulation
or neuroprosthetic devices will become more practical
when their operation will be adjusted automatically ac-
cording to changes in the environment or in the user’s
body. One can arguably say that the perfect device is the
one that the user will feel like any other part of his body.
At the present the main reason that stimulation is opti-
mized empirically by trial-and-error is due to our limited
knowledge about the underlying biophysical mechan-
isms. The development of new generation devices will
require computer modeling of electrical stimulation of
nerve fibers, the neuronal target area, and the surround-
ing anatomical structures.

Conclusion

Man is the undisputable ruler of planet earth. We sur-
vived and we evolved thanks to the technology we de-
veloped. Nevertheless the ever-lasting battle on human
mortality and diseases has not been conquered yet.
Neurotechnology is our latest weapon to fight against
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the suffering from our bodily weakness, to prolong our
life, and to expand our physical or mental ability. This is
the time where science fiction has started to become
reality. But there is always this tormenting question that
emerges when we compare ourselves against other arti-
ficial or physical forms of life. What makes us humans?
Is it our brain — mind or perhaps is it our body — soul?
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Summary

The spinal cord is the target of many neurosurgical procedures used to
treat pain. Compactness and well-defined tract separation in addition to
well understood dermatomal cord organization make the spinal cord an
ideal target for pain procedures. Moreover, the presence of opioid and
other receptors involved in pain modulation at the level of the dorsal
horn increases the suitability of the spinal cord.

Neuromodulative approaches of the spinal cord are either electrical or
pharmacological. Electrical spinal cord modulation is used on a large
scale for various pain syndromes including; failed back surgery syn-
drome (FBSS), complex regional pain syndrome (CRPS), neuropathic
pain, angina, and ischemic limb pain. Intraspinal delivery of medications
e.g. opioids is used to treat nociceptive and neuropathic pains due to
malignant and cancer pain etiologies.

Neuroablation of the spinal cord pain pathway is mainly used to treat
cancer pain. Targets involved include; the spinothalamic tract, the mid-
line dorsal column visceral pain pathway and the trigeminal tract in the
upper spinal cord. Spinal neuroablation can also involve cellular ele-
ments such as with trigeminal nucleotomy and the dorsal root entry zone
(DREZ) operation. The DREZ operation is indicated for phantom type
pain and root avulsion injuries.

Due to its reversible nature spinal neuromodulation prevails, and
spinal neuroablation is performed in a few select cases.

Keywords: Neuromodulation; chronic pain; spinal; neuroablation;
treatment.

Introduction

Surgical targeting of the spinal cord to control pain
was first reported in the early twentieth century by
Spiller and Martin, who in 1912 performed an antero-
lateral section of the spinal cord to treat pain in the lower
body [66]. From that time, the concept of sectioning
pain pathways in the spinal cord has been widely em-
ployed and has involved several targets including; the
spinothalamic tract, the midline crossing commissural
pain fibers in front of the spinal cord central canal,

the extralemiscal multisynaptic ascending visceral pain
pathway, the dorsal root entry zone and the trigeminal
tract in the upper spinal cord, and the medulla [1, 24, 26,
27, 48, 61, 62, 65]. Several methods have been used to
interrupt pain transmission including; knives, radioactive
strontium needles, and electric current and radiofre-
quency (RF) both via open and percutaneous procedures
with either high or low cervical approaches [11, 20, 42,
46, 47, 60, 68].

With the introduction of gate theory by Melzack and
Wall in 1965, which described the role of the dorsal horn
in regulating pain transmission, the concept of neuromod-
ulation via electrical stimulation of the spinal cord was
introduced, as was the concept of pharmacological neu-
romodulation [45].

Details describing the distribution of opioid receptors
in the dorsal horn and in several locations along the
brain stem, along with reports describing the descending
endogenous mechanisms for modulation of pain per-
ception paved the way for the use of intrathecal drugs
to treat chronic pain. Opioids by far constitute the most
widely used drug [7, 9, 51].

Spinal neuromodulation methods used to control severe
chronic pain are spinal cord stimulation (SCS) and chron-
ic intrathecal drug administration. Spinal neuroablative
procedures include; cordotomy, myelotomy, trigeminal
tractotomy, and dorsal root entry zone (DREZ). The wide
spread use of neuromodulation methods substantially de-
creased the use of neuroablative procedures performed
globally, however spinal neuroablative procedures remain
indicated for particular pain conditions.

The advantage of neuromodulation procedures over
neuroablative is reversibility and safety. In an environment
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Fig. 1. Diagrammatic representation of spinal neuromodulation and neuroablation procedures
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of scientific discovery with evolving concepts and tech-
niques, it is imperative to avoid destructive non-revers-
ible procedures, especially when treating patients with
benign pain syndromes (Fig. 1).

Spinal neuromodulation

Spinal cord stimulation

The first spinal cord stimulation procedure was per-
formed by Shealy et al. in 1967 and was a direct gate
theory spin-off. These investigators placed an intradural
electrode onto the dorsal surface of the spinal cord to
treat cancer pain. Simply, the thought was to stimulate
the easily accessible neural structures and activate ‘the
gate’. Electrodes were first placed subdural, followed by
intradural, followed by epidural, with the aim of stimu-
lating the dorsal part of the spinal cord, hence the name,
dorsal column stimulation [63].

Despite a plethora of publications detailing SCS the
precise mechanism of action remains unclear. Initially,
it was speculated that the pain-relieving effect of SCS
could be explained as inhibition of nociceptive impulses
at the dorsal horn resulting from the stimulation induced
activation of large dorsal column fibers. However, later it
was evident that this simple explanation was insufficient.
There are both electrical and pharmacological changes
along the whole segment of the spinal cord being stimu-
lated, hence the name change to spinal cord stimulation
[43]. Several mechanisms of SCS action, mostly derived
from observations related to the conditions that SCS has
been used successfully to treat, have been proposed.

Suppression of the hyperexcitability of wide dynamic
range neurons in the dorsal horn is one such suggested
mechanism. Others include; suppression of high thresh-
old nociceptive-specific spinothalamic neurons by dorsal
column stimulation [10], and activation of inter-neuron
networks near or in the substantia gelatinosa, which in
turn inhibit the deeper lamina III-V in the dorsal horn [14].
All are possible mechanisms at interplay during SCS.
Supraspinal mechanisms are also activated. The anterior
pretectal nucleus can be excited by SCS, which in turn
produces profound analgesia by inhibiting the nocicep-
tive dorsal horn neurons. Furthermore this effect can
out last the stimulation of certain parameters. The long-
lasting effect of SCS is thought to be mediated via the
dorsolateral funiculus because sectioning this tract abol-
ishes the long-lasting effect [59].

Spinal cord stimulation activates gamma-aminobutyric
acidg (GABAGp) receptors, which suppress the exaggerated
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excitatory amino acids in dorsal horn cells. The supra-
spinal mechanisms operating during SCS induce the
release of the neurotransmitters glycine, adenosine and
5-hydroxytryptamine (5-HT). The described electrical
and chemical changes that occur as a result of SCS can
explain its efficiency in treating neuropathic pain types.
For ischemic pain the mechanism of SCS action differs.
There are many postulated mechanisms, the most accept-
ed of which is that of modulation of autonomic activi-
ty theory, in which rebalance of oxygen demand and
supply is the cause of pain relief. This mechanism of
action can also describe the effects of SCS on angina
pectoris [43].

During stimulation of a spinal cord segment, patients
feel paresthesia over the body part that corresponds to the
spinal cord segment being stimulated. Ideally, paresthe-
sia should not be due to dorsal root dermatomal stimu-
lation, therefore a midline or near midline electrode
placement is advisable. Stimulation paresthesia is con-
sidered by physicians involved in the field of SCS as a
hallmark of success. Perception threshold is the minimal
voltage at which the patient starts to perceive paresthe-
sias. This threshold is in part a function of the thickness
of the cerebrospinal fluid layer dorsal to the cord; there-
fore perception threshold is lowest in the cervical area
and highest in the midthoracic area.

There are several SCS system manufacturers. Systems
are generally composed of electrode(s), either percuta-
neous or plate, and a pulse generator or radiofrequency
(RF) receiver. Plate electrodes require an open placement
approach and are permanent in nature. To allow for com-
plex programming/stimulation of spinal cord segments
there are different electrode designs, some with up to 16
contacts in a single electrode. Electric power is delivered
through either a completely permanent system, a ‘“pulse
generator”” or a RF coupled generator and an implant-
able receiver.

First generation SCS electrodes were unipolar and at-
tached to a power source that could not be programmed
following implantation. However, in the last decade, and
with technological advancements, octapolar electrodes
(and even higher number electrodes) are now available
together with dual channel programmable power units,
and most recently, rechargeable units.

The implantation procedure usually requires a trial
period with a percutaneous electrode that allows for
time to judge the benefit of stimulation, followed by
a permanent system implantation, if the trial period is
successful. A successful trial is usually one whereby the
patient experiences more than a 50% reduction in pain.
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Psychological screening is helpful in selecting candidates
for SCS [6].

In the last 30 years several studies have assessed the
overall clinical efficacy of SCS when used to treat var-
ious chronic benign pain conditions. Failed back surgery
syndrome (FBSS), which encompasses many different
types of pain in several locations including; midline axial
and limb pain, and neuropathic and nociceptive compo-
nents, is the most common indication for SCS. Barolat
et al., Burchiel et al., and North et al., all performed well
designed clinical studies to assess SCS for FBSS. They
reported favorable outcomes for SCS on the limb and
neuropathic pain component of FBSS with successful
pain reduction of more than 50% (range 55-88%). For
several reasons the midline axial component of FBSS is
more difficult to treat with SCS, however, recent reports
have examined the possibility of treating back and limb
pain using SCS [5, 8, 53].

Complex regional pain syndrome (CRPS) encompasses
a wide range of clinical symptoms, is difficult to treat,
and is the second most common indication for SCS.
Several studies have confirmed the efficacy of SCS in
treating CRPS. There is a tendency to utilize higher fre-
quencies to control pain in CRPS, also if multiple limbs
are involved, patients may need multiple electrode im-
plantations in the cervical and lower thoracic areas to
achieve pain control. In 2000 and 2002, Kemler et al.
conducted a well-designed randomized controlled trial
comparing SCS and physical therapy to physical therapy
alone. The investigators assessed patients at 6 and 12
months follow-up and reported a statistically significant
but clinically modest difference between the two groups,
with the SCS and physical therapy group reporting a
higher degree of pain relief [38, 39].

Angina pectoris shows promise as an indication for
SCS and many studies have uniformly reported good
results. The mechanism of pain reduction, as mentioned
earlier, is postulated to be due to nociceptive signal
blockade together with secondary gain due to decreased
ischemia as a result of improved oxygenation [44]. Yu
et al. performed a retrospective analysis of 24 patients
and showed that SCS was effective in improving quality
of life, number of hospitalizations, treatment costs, and
physical abilities [78].

Chronic critical limb ischemia is also an emerging in-
dication for SCS, particularly in Europe however, falls
beyond the interest of this chapter. Phantom limb pain,
postherpetic neuralgia and spinal cord injury pain have
all been treated by SCS but with less favorable outcomes
when compared to FBSS, CRPS and angina pectoris.
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Complications resulting from SCS are generally non
life-threatening and reversible. In the well-designed sys-
tematic review of SCS reported by Turner et al., com-
plications across studies included in the review included;
deep and superficial infection (mean infection rate 4.5%),
pain at the site of implantation (mean pain rate 5.9%),
biological complication other than infection or pain oc-
curred in 2.5% of patients, equipment failure was re-
ported in 10.2% of patients, stimulator revision for any
reason other than changing the battery in 23.1% of pa-
tients, and stimulator removal in 11% of patients [70].
Neurological deficits due to SCS technique or due to un-
expected epidural bleeding are extremely rare [18].

Neuromodulation via intraspinal delivery
of medications

Intraspinal narcotics

The use of intraspinal delivery of narcotics continues
to grow and now includes treatment of chronic non-
malignant pain as well as cancer-related pain.

Discovery of spinal cord opioid receptors first initi-
ated the use of intraspinal narcotics to treat chronic ma-
lignant pain etiologies and grew to include treatment of
chronic non-malignant pain conditions. Direct morphine
delivery to spinal cord mp opioid receptors can decrease
the amount of morphine that may be required to achieve
an equianalgesic effect [73].

Intraspinal narcotic action was first appreciated in
1976 when Yaksh and Rudy applied several different opi-
oid compounds to the subarachnoid space of awake rats.
In this study hind-limb withdrawal to noxious stimuli
attenuated soon after a bolus administration of opioids
to the subarachnoid space [77]. Intraspinal opioid admin-
istration produces a direct inhibitory action on dendritic
cells, or is thought may act on modulatory interneurons to
produce a decrease in the central transmission of nocicep-
tive impulses [75, 76]. Nonetheless, treatment of neuro-
pathic pain with intraspinal morphine in animal models
has been demonstrated to be effective. It is possible that
treatment of human neuropathic pain may require higher
doses of intraspinal opioids and eventually non-opioid
intraspinal drugs may prove more effective [40].

Treatment of human neuropathic pain with intra-
spinal opioids remains a viable option. Of paramount
importance is the patient selection process and in the
last decade there have been changes in determining the
best candidates. Typically, the patient selection process
relies on factors like; (1) pain type, with preference of
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nociceptive somatic pain without exclusion of other pain
types, (2) pain distribution, with a preference of axial
and diffuse rather than focal limb pain, and (3) the pre-
sence of a favorable response to intraspinal opioid trial
(currently the gold standard in the process of patient
selection) [41]. Nociceptive somatic pain due to cancer
pain has historically been viewed as the ideal indication
with little non-cancer pain being treated with intraspinal
narcotics. However currently, the number of non-cancer
pain patients being treated by intraspinal narcotics may
outnumber the cancer pain patients [55].

The opioid pump implantation process can be per-
formed under local anesthesia or more commonly under
general anesthesia. Several commercial catheters and drug
delivery pumps are available, and include programmable
and constant rate infusion pumps.

The literature consistently reports between 60-80%
improvement in pain for various indications. For non-
malignant pain an average improvement of 60-65% is
reported [4, 17, 22, 23, 54, 58].

Unfortunately, the downside of this effective procedure
are the numerous and on rare occasion, life-threatening
complications. Complications are either system or pro-
cedure related and include; wound infection (either
superficial or deep), seroma formation, meningitis or
epidural abscess, spinal headache, catheter migration,
kink or breaks in the catheter, and pump malfunction
due to rotation or rarely mechanical failure. Drug related
complications include; constipation, urinary dysfunction,
nausea, impotence, vomiting, nightmares, pruritis, sweat-
ing, weakness, edema, weight gain, paradoxical hyper-
algesia, morphine withdrawal, which can be serious, and
sedation [54, 74].

Intraspinal neuromodulation with non-opioid drugs

Despite the widespread use of intraspinal opioids and
the continuous expansion of indications coupled with the
impact on neuroablative procedures, several side effects
and inefficiencies remain. Additionally, intraspinal narco-
tics are not suitable for every patient, and drug tolerance
and increased need for opioid over time, all constitute a
rationale for development of innovative non-opioid ther-
apies for intraspinal use.

The following are the latest non-opioid agents pro-
posed for intraspinal delivery via an implanted drug
administering device; (1) clonidine, (2) octreotide, (3)
neuronal-specific calcium channel blockers (Ziconotide),
(4) N-methyl-D-aspartic acid (NMDA) antagonists (dex-
tromethorphan, dextrophan, MK-801, 5-Neostigmine),
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(6) benzodiazepines, (7) butamin, (8) bioactive implants
(matrix adrenal medullary cells), (9) tricyclic antidepres-
sants, (10) nitric oxide synthetase inhibitors, and (11)
liposomal encapsulation of local anesthetics [19].

The use of non-opioid drugs is at the frontier of the
field of pain management treatment and further research
certainly holds future promise.

Spinal neuroablation

The first surgical disruption of spinal pain pathways
was performed by Spiller in 1912. Spiller sectioned the
anterolateral quadrant of the spinal cord, with the inten-
tion of interrupting pain transmission via the spinothala-
mic tract and relieving pain in one side of the body [66].
For many years this open procedure of sectioning the
spinothalamic tract for pain control was a standard
procedure in many neurosurgical centers and was used
mainly to treat somatic nociceptive pain. The main is-
sues related to these open destructive spinal cord proce-
dures were, the poor general status of the cancer patients
in tolerating open spinal cord surgery together with high
complications profiles.

A percutaneous approach to the spinal cord was first
introduced by Mullan and Rosomoff in the late 1960’s
[46, 47, 60] and the approach was adopted by most neu-
rosurgeons. However, since the early 1990’s with the in-
troduction of neuromodulative therapies including chronic
administration of spinal opioids and SCS for pain, spinal
ablative procedures are now rarely performed.

In an era of spinal neuromodulation to treat pain, two
noteworthy developments have resurrected interest in
the use of neuroablative procedures to treat pain. One
is the introduction of a computed tomography (CT)
guidance method that drives an electrode into spinal
cord pathways, and allows for precise visualization of
the electrode-target relationship [33]. The second is
the introduction of the dorsal root entry zone (DREZ)
as a potential site for ablation to treat deafferentation
pain [50].

Possible neuroablation spinal cord targets to treat
pain are; (1) spinothalamic tract, ablated to treat so-
matic nociceptive pain below the level of the neck,
i.e. cordotomy, (2) trigeminal spinal nucleus, ablated to
treat neuropathic and resistant facial pain, i.e. trigem-
inal tractotomy-nucleotomy, (3) the midline ascending
visceral pain pathway in the central part of the spinal
cord, to treat visceral pain around the midline, i.e. mid-
line myleotomy, (4) DREZ, ablated to treat deafferen-
tation pain (Fig. 1).
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Cordotomy

Cordotomy refers to lesioning or interrupting the lat-
eral spinothalamic tract (LST) located in the anterolat-
eral quadrant of the spinal cord. Historically, surgery
was performed in the upper thoracic spine using an open
posterior approach and high cervical cordotomy was first
reported in 1927 [29].

The spinal cord anterolateral ascending pain trans-
mission system carries information mostly about pain
and temperature from one side of the body and decus-
sates the spinal cord (from two up to five segments
higher than the level of entry into the spinal cord) to
carry the signals to the thalamus and cortex. Fibers in
the LST have a somatotopic arrangement with sacral
segments posterolaterally and cervical segments antero-
medially [71]. The pyramidal tract lies posterior to the
LST with white matter in between. The ventral spinocer-
ebellar tract overlies the LST and a lesion that eliminates
the spinocerebellar tract may cause ipsilateral ataxia of
the arm.

Human autonomic pathways for vasomotor and geni-
tourinary control in addition to the reticulospinal tract
that controls ipsilateral automatic respiration are also part
of the anterolateral quadrant of the spinal cord. There-
fore sleep apnea, incontinence and hypotension are pos-
sible undesirable effects of cordotomy.

The ideal candidate for a cordotomy procedure is a
patient with cancer pain of a somatic nociceptive nature
that is localized below the neck and to one half of the
body [37].

From the beginning of the 20th century until the late
1960’s /early 1970’s, cordotomy was an open procedure,
one which presented a challenge to already debilitated
patients. However, because it was an open procedure
it was possible to perform at different levels including
higher thoracic levels, thus avoiding complications such
as ataxia and sleep apnea [28]. The introduction of a
percutaneous approach by Mullan and Rosomoff altered
the magnitude of risk and side effects, and made it pos-
sible for the procedure to be performed on patients of
poor general condition, i.e. the majority of cancer pain
patients [46]. Several authors and many neurosurgeons
adopted the percutaneous approach; however, in the mid
1980’s and early 1990’s, advances in opioid pharmacol-
ogy as well as the introduction of reversible neuroaug-
mentative techniques lead to a major reduction of the
number of cordotomies performed worldwide.

The downside of a percutaneous cordotomy is the pos-
sibility of developing sleep apnea when the lesion is per-
formed in the higher cervical region, and the possibility
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of under-lesioning the cord leading to improper pain
control [37].

Kanpolat first introduced the concept of CT guidance,
which allowed for a safe, easy and selective cordotomy
[30, 31, 36]. In 1995, Fenstermaker [16] performed an-
terior CT-guided lower cervical cordotomy through the
disc to avoid sleep apnea (a modification of Gildenberg’s
anterior low cervical percutaneous cordotomy [20]). In a
recent clinical study anterior CT-guided cordotomy was
used to control cancer pain in six of eight patients with
pulmonary-pleural malignancy, to avoid sleep apnea;
follow-up period was six months [57].

Today’s cordotomy procedure involves lumbar puncture
and injection of a water soluble dye into the patient’s
intrathecal space, 30 minutes prior. A CT scan directs guid-
ance of a cordotomy electrode, which is isolated through-
out the entire shaft excepting the tip (2 mm in length and
0.3-0.4 mm in diameter). After measurement of skin-dura
distance an electrode is introduced from the lateral side
of the neck opposite the C1-C2 foramen in the ante-
rolateral quadrant and with guidance the electrode can
produce selective lesions. To assure complete entry
into the spinothalamic tract (avoiding the corticospinal
tract), electrophysiological testing is essential. Lesions
are performed until adequate hypoesthesia is achieved
in the contralateral hemi-body or at least in the re-
gion of pain. CT-guided cordotomy has a higher success
rate compared with image guided cordotomy, and fewer
side effects. Cancer pain control is reportedly greater
than 95%.

Cordotomy procedure complications include; weak-
ness, hypotension, dysesthesia, mirror image pain, ataxia,
incontinence, and sleep apnea. Today’s CT-guided cor-
dotomy complications tend to be minimal and transient
[34].

Trigeminal tractotomy-nucleotomy

Fifth, seventh, ninth and tenth cranial nerve sensory in-
formation is carried by the trigeminal tract and branches
into the trigeminal tract spinal nucleus extending cau-
dally into the spinal cord to C2 [67]. The trigeminal tract
was considered a target for treating facial pain early in
the development of utilizing pain pathways to treat pain
surgically [65], and similarly to cordotomy, tractotomy
procedure development followed a progressive course.
Crue and Hitchcock developed a stereotactic technique
to lesion the trigeminal tract and the nucleus using radio-
frequency [12, 26]. Later, and to emphasize the signifi-
cance of creating lesions in the oral pole of the nucleus
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caudalis, Hitchcock named the procedure trigeminal nu-
cleotomy [49]. Similarly to CT cordotomy, the trigem-
inal tractotomy-nucleotomy (TR-NC) procedure utilized
today is performed with CT guidance.

Trigeminal tractotomy-nucleotomy indications include;
anesthesia dolorosa, postherpetic neuralgia, neuropathic
facial pain, facial cancer pain, and glossopharyngeal and
geniculate neuralgia [32, 35].

CT-guided TR-NC pain relief is reported as complete or
satisfactory in 80% of cases. Complications include; ataxia
due to injury of the spinocerebellar tract (currently, rare
and temporary), and contralateral hypoalgesia, if the spin-
othalamic tract is included in lesioning [26, 32, 35, 69].

The nucleus caudalis dorsal root entry zone (DREZ)
operation, involves the same concept as the TR-NC pro-
cedure but includes destruction of the whole substantia
gelatinosa of the nucleus caudalis.

Extraleminscal myelotomy

The intention of the extraleminscal myelotomy (ELM)
procedure is to create a lesion in the central medullary
region at cervicomedulary junction. The procedure was
first described by Hitchcock, who aimed to destroy the
decussating fibers of the spinothalamic tract to control
pain in the neck and both arms [25]. It was soon realized
that ELM controlled pain below the expected level of the
lesion and hence, Schvarcz added ‘extraleminiscal’ to
myelotomy anticipating that the target was an ascending
non-specific polysynaptic pathway [61]. In the last de-
cade, many authors have confirmed the presence of such
a tract and performed midline punctuate myelotomy
through open procedures to lesion the pathway at various
spinal cord levels. The multisynaptic ascending pathway
is thought to carry visceral nociceptive impulses and lie
deep in the midline dorsal column [2, 3, 52].

The concept of CT guidance applied to cordotomy
and TR-NC procedures applies to ELM; again, Kanpolat
pioneered the ELM procedure used today [32].

Extraleminscal myelotomy indications include; pa-
tients with pelvic malignancy or cancer pain in the lower
trunk and lower extremities with a predominant visceral
pain component. The procedure is safe, however, pain
relief results are not as high as those achieved with
cordotomy and tractotomy nucleotomy procedures [29].

Dorsal root entry zone surgery

The introduction of gate theory in the 1960’s drew
attention to the dorsal horn as a level for pain modula-
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tion [45], and the dorsal horn was then considered by
neurosurgeons as a target of either neurostimulation,
SCS, or neuroablation of the DREZ.

In 1972, Sindou [64] first attempted DREZ de-
struction followed by Nashold et al. who introduced
radiofrequency to perform DREZ lesioning [51]. More
recently, laser beam and ultrasound probes have been
used [13, 56].

The anatomophysiological basis of the DREZ derives
from the fact that when the large leminiscal afferents
in peripheral nerves or dorsal roots are altered, there is
a reduction in the inhibitory control of the dorsal horn
[72]. This situation presumably results in excessive fir-
ing of the dorsal horn neurons and this phenomenon
is thought to be the cause of deafferentation pain and
hence able to be controlled by DREZ lesioning [21].

The technical details of the procedure and its variants
are beyond the scope of this chapter but DREZ lesioning
is performed as an open procedure using general anes-
thesia and often times accompanied by intraoperative
neurophysiologic monitoring.

Candidates for the procedure are patients with; brachial
plexus avulsion, pancoast tumor with brachial plexus
invasion and good general condition and long life expec-
tancy, pain due to spinal cord or cauda equine lesions,
postherpetic neuralgia, peripheral nerve injury pain, and
pain accompanying hyperspastic states [64].

When patients are carefully selected and the lesions ac-
curately performed the success rate can be as high as 90%
(with follow up reported of up to 4 years). Complications
and side effects include; CSF fistula, meningitis, ataxia,
increased neurological deficits, and dysesthesias [15].

Conclusions

The spinal cord has proved to be an excellent target
for pain control, specifically due to compactness and the
luxury it affords for performing both neuromodulation
and neuroablation techniques.

Spinal cord stimulation and intraspinal drug delivery
systems constitute the majority of neurosurgical proce-
dures used today, to treat chronic pain, and are indicative
of the crucial role played by the spinal cord.

However, further evidence is required regarding the
precise indications for SCS and there is a need to ex-
plore additional drugs for intraspinal administration to
treat pain.

Spinal neuroablation remains an option and is indicat-
ed for particular pain syndromes especially those condi-
tions involving cancer pain.
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Summary

For more than 20 years intrathecal opioid application with implant-
able pumps is an option for selected patients with malignant as well
as non-malignant pain. In general, most types of pain should be
treatable by opioid medication. However, the associated systemic side-
effects such as nausea, vomiting, constipation or the risk of suppression
of the central nervous system hinder the application of oral or intrave-
nous opioid therapy as a sole, widely applicable treatment. Causes of
non-malignant pain that may represent an indication for intrathecal drug-
delivery systems include: failed back syndrome, neuropathic pain, axial
spinal pain, complex regional pain syndrome, diffuse pain, brachial
plexitis, central pain, failed spinal cord stimulation (SCS) therapy, ara-
chnoiditis, poststroke pain, spinal cord injury pain and peripheral neuro-
pathy. Due to the proximity to the receptor sites, the therapeutic effect of
intrathecal drug application lasts longer and the rate of systemic side
effects is reduced. Before definitive pump implantation, the therapeutic
effect of intrathecal opioid therapy is tested with an external pump. If
there is no clear and satisfactory effect in this trial application, pump
implantation is not indicated. In our patients, with a follow-up exceeding
3 years, the reduction of non-malignant pain (assessed with the Visual
Analogue Scale, VAS) was good or excellent (pain decrease >50%) in
71.3% of the patients, fair (VAS 5-6) in 19.8% and poor (VAS 7-10) in
8.9%. After 3 years of continuous treatment, we observed catheter-
related technical problems (catheter dislocation, obstruction, kinking,
disconnection or rupture) in 17 of 165 patients. Pump malfunctions were
very rare (8 of 165 cases) and limited to older pump types. Reversible,
specific drug-related side effects of long-term therapy with intrathecal
pumps developed in 32 of the 165 patients. In our series, the mean
serum/cerebrospinal fluid (CSF) concentration ratio for morphine was
1/3000, which explains the low rate of systemic side effects. Local
diffusion difficulties in CSF cause an uneven distribution of morphine
in CSE. Therefore the clinical effect is markedly influenced by the po-
sition of the catheter tip, a fact that should be kept in mind during
catheter implantation.

Intrathecal drug application is cost effective and can significantly
improve the quality of life in selected patients. An intensive training
in this method and awareness of its specific complications is necessary
for everyone to participate in the consulting and implanting team. Pumps
for chronic intrathecal opioid application should only be implanted in
specialized centers.

Keywords: Catheter; chronic; drug; implantation; intrathecal; meta-
bolism; morphine; neurosurgery; pain; pump.

Introduction

The advantage of intrathecal drug application is the
vicinity to the receptor site. Compared to systemic intra-
venous application, the therapeutic effect is longer lasting,
is achieved with a smaller dose, and therefore is asso-
ciated with a reduced rate of side effects [1, 8, 16, 18,
22, 27]. Intrathecal opioid therapy was initially intro-
duced for malignant pain. In general, the pain should be
sensitive to opioid medication, but due to increasing sys-
temic side-effects such as nausea, vomiting, constipation
or central nervous system depression, oral or intravenous
opioid therapy alone is no longer acceptable. The targets
of intrathecal drug application are the pre- and post-
synaptic receptors in the dorsal horn of the spinal cord.
Bernards et al. [6] have shown that intrathecal morphine
application has not only a direct central effect, but also
significant systemic effects due to dural penetration and
local absorption. Currently, epidural analgesia for obstet-
rical, postsurgical and cancer-related pain is very com-
mon, but also intrathecal opioid therapy is increasingly
used [3-5, 9, 19, 20]. The choices of analgesic agents
include opioids, alpha-2-agonists, and local anesthetic
agents [2, 7, 30]. The disadvantages compared to intra-
venous drug applications are relatively high costs and
potential complications such as meningitis and catheter
dislocation. To minimize such risks, intrathecal opioid
drug application with implantable pumps should be per-
formed by interdisciplinary teams in specialized centers.
Before implanting a pump for continuous drug application,
the therapeutic effect of intrathecal application should
be assessed by a bolus trial or continuous injection via
an external pump, connected to the intrathecal catheter
through an implanted port. Placebo phenomena may
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interfere with the effects of a bolus injection, but contin-
uous intrathecal infusion is much more reliable in assess-
ing and predicting the long-term therapeutic effect.

When comparing epidural with intrathecal drug appli-
cation, one should consider that in epidural application
higher doses of the drug are required, and the systemic
side effects can be more pronounced. Certain side effects
are the result of absorption of the drug into the venous
circulation. Catheterization of the epidural space for drug
application may be more difficult when compared to the
intrathecal procedure. On the other hand, the placement
of an intrathecal catheter carries a higher risk of catheter
dislodgment, root irritation and reactive arachnoiditis
in chronic application. In general, spinal drug applica-
tion is indicated when the pain syndrome responds to
opioids but not to oral medication and there is no indi-
cation for surgical therapy (spinal decompression, disc
surgery etc) after a full diagnostic work-up. Patients
suffering from psychiatric disorder or drug addictions
should be excluded. Adequate pain control requires
thorough and precise assessment of the patient’s pain
history, patient’s type and pattern of pain, including
onset, location, intensity, and factors that ease or ex-
acerbate the pain. Relevant psychosocial and ‘““quality-
of-life”” factors may determine the patient’s (and
family’s) ability to cope and should also be assessed
before implantation [12, 23, 25, 26].

The conditions that may be causes of pain and rep-
resent indications for intrathecal drug-delivery systems
include: failed back syndrome, neuropathic pain, axial
spinal pain, complex regional pain syndrome, diffuse
pain, brachial plexitis, central pain, failed SCS therapy,
arachnoditis, poststroke pain, spinal cord injury pain, and
painful peripheral neuropathy [10, 21, 30-32]. However,
at present there is no way to predict the effect of intra-
thecal opioid application.

Surgical aspects

Before intrathecal catheter placement, the skin at the
lower back including the midline and paramedian area is
prepared with aseptic solution before local anaesthetics
are injected. To avoid any damage to the conus medul-
laris, the puncture is performed at the L2/3 or L3/4
level with a Tuohy needle. The catheter is then inserted
through the needle into the intrathecal space, the needle
is withdrawn, and the catheter is advanced up to the
desired level under fluoroscopic control. The target point
for the catheter tip is around the level of the sixth tho-
racic vertebra (T6) in most cases, depending on the level
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Fig. 1. Insertion of the catheter into the intrathecal space and con-
nection to external pump

of the most intense pain. A subcutaneous tunnel is cre-
ated with the point of catheter exit in some distance from
the midline to prevent local infection and meningitis
(Fig. 1). After insertion and tunneling of the catheter,
an external programmable pump for continuous opioid
application is connected. During a trial period of at least
7 days, patients report the effect of intrathecal therapy.
During this period, the patient remains hospitalized and
is investigated intensively on the basis of his pain diary.
A pain reduction of >50% on the Visual Analogue Scale
(VAS) is considered a good response to intrathecal drug
application and a sufficient indication for the subcuta-
neous implantation of a pump for continuous drug ap-
plication (Fig. 2). Modern implantable pumps such as
the SynchroMed pump (Medtronic) are programmable,

SN 2250

Codman
Germany

"

Fig. 2. Example of an implantable pump (Codman) with sideport for
intrathecal drug application
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battery-powered devices that store and deliver medica-
tion according to instructions received from an external
programmer [11, 14]. The main differences between the
various pump models are the size of the reservoir and the
presence of a side catheter access port.

Drug-related side effects can be divided into: a) dose-
independent such as urinary retention, pruritus, pain re-
lated to bolus injection, perspiration, and sedation, and b)
dose-dependent such as nausea, constipation, dysphoria,
euphoria, sedation, respiratory depression, hypotension,
central depression, and tachyphylaxis. Drug-withdrawal
symptoms include anxiety, depression, and increased pain
and may indicate mechanical problems, such as pump
failure or catheter blockage and kinking.

Pharmacological aspects of intrathecal
morphine application

It is assumed that the analgesic effect of opioids is
mediated via conformation changes of selective recep-
tors in the dorsal horn of the spinal cord and in relevant
areas of the brain. After direct intrathecal application,
very high concentrations of morphine can reach the
receptor sites. Approximately 79% of morphine glucu-
ronation is assumed to take place in the liver [24].
Recently, glucuronide formation was detected also in hu-
man brain tissue samples [29]. Because of the proximity
to the opioid receptors, even minute amounts of metab-
olites may have significant pharmacological effects.

M6G is a potent u-opioid agonist and has been shown
to be 13-fold more potent than morphine itself. It is
suggested that up to 85% of the analgesic activity of
morphine might be attributable to M6G. With respect
to M3G, on the other hand, there is evidence from ex-
perimental animal studies that it may antagonize the
analgesic effects of morphine and M6G [13, 17].

In 1996, we analyzed the concentrations of morphine
(M) and its metabolites (M3G, M6G) in serum and spi-
nal fluid of patients who received intrathecal morphine
therapy in our department [17]. This intensified drug
monitoring was repeated regularly when the pump was
refilled. Concentrations could be compared to elucidate
the distribution of the administered M and the produc-
tion of its glucuronides. Determinations were performed
in intervals of 1-3 months. CSF was obtained from the
sideport of the pump. First, 1 ml representing the volume
of sideport and catheter was aspirated followed by two
samples of 2ml CSF each. During the same session, a
sample of venous blood was taken; plasma was separat-
ed and stored at —20 °C together with the CSF sample.
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Using high performance liquid chromatography (PLC)-
method as described by Stevenson er al. in 1982, the
concentrations of morphine, M3G and M6G in serum
and CSF were analyzed. The applied therapeutic dose
of M varied from 3-45 mg/d depending on the needs of
each individual patient. Pain relief of more than 50%
was achieved in 80% of patients. M serum concentra-
tions were significantly lower (<0.035mg/l) than M
concentrations in CSF (11-176 mg/1). M6G and M3G
concentrations in CSF were very low (<84 ng). M6G and
M3G concentrations in the serum were much higher than
the M serum concentration (Fig. 3).

In one patient, we performed a lumbar puncture (L4—
L5 level) after one CSF sample was obtained from the
sideport of the pump. The concentrations of CSF mor-
phine from the sideport (catheter tip at TS level) and CSF
M from the lumbar puncture were compared. In this case,
M concentration at T5 was 34.5mg/1 and at L4-L5 level
was 8.7m, a difference suggestive of local diffusion dif-
ficulties within the CSF spinal subarachnoid space.

This study showed that in CSF, M concentration was
about three thousand times higher than the concentration
of M6G and M3G. On the basis of this data, we conclude
that the main analgesic effect of intrathecal application
can be attributed to M ““itself”’.

Most of M3G and M6G in CSF probably reflect hepatic
transformation of free M in the plasma. The metabolites
probably reach the intrathecal space via backward-diffu-
sion since the serum concentrations of the metabolites
exceed the CSF concentrations by about 6 times. We have
to keep in mind the larger size and lower lipid solubility of
the metabolites, which make their passage into CSF more
difficult. Following oral application, mean CSF concentra-
tion of M is only about 16% of the concentration in serum
[33]. In our intrathecal series the mean serum/CSF con-
centration ratio for M is 1/3000; this probably explains the
much lower rate of systemic side effects. We assume that
local diffusion difficulties cause an uneven distribution of
M in CSF. Therefore, the clinical effect is markedly influ-
enced by the position of the catheter tip; one should be
aware of this during catheter implantation.

Results of long-term intrathecal opioid application
for intractable pain: the Cologne experience

In the Department of Stereotaxy and Functional Neuro-
surgery of Cologne University, 322 patients received an
implantable pump from 1998 to 1995. Of these patients,
101 suffered from cancer pain, and 221 from chronic,
non-malignant pain syndromes (116 neuropathic, 54
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deafferentiation, 51 nociceptive pain). We analyzed the
long-term results after more than 3 years in 101 of these
patients. In 72 patients (71.3)%, the reduction of pain as

MO serum concentration
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assessed with the VAS was >50% i.e. good or excellent.
In 20 patients (19.8%), the results were fair (VAS 5-6)
and in 9 (8.9%), the long-term results after 3 years of
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Fig. 3. (a) Morphine serum concentration in relationship to daily dose (mg/1), (b) morphine CSF concentration in relationship to daily dose (mg/1),
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Morphine and its metabolites in spinal fluid and serum
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Fig. 3 (continued)

continuous intrathecal opioid application were poor
(VAS: 7-10).

Over a period of 8 years, we also looked at side
effects and complications of long-term intrathecal opioid
application with implantable pumps. We observed cathe-
ter-related technical problems such as catheter disloca-
tion, obstruction, kinking, disconnection or rupture in 17
of 165 patients. Pump malfunctions were very rare (8 of
165 cases) and limited to older pump types. Rotation of
the pump occurred only in one patient who was very
obese. Refilling of the pump was not possible in this
patient which required re-operation for subcutaneous
fixation of the pump. Similar to other operations, we
also observed general non-specific surgical complica-
tions. Wound healing impairment occurred in 8 (4.8%)
and subcutaneous pocket fluid collections in 8 patients
(4.8%); the subcutaneous fluid was seroma in 5 and he-
matoma in 3 patients. These complications were managed
easily after a single puncture in most cases. In 3 patients
(1.8%) a more severe local complication occurred i.e.
a cutaneous perforation of the pump. This was managed
by removal of the pump and antibiotic therapy. CSF
fistulas occurred in 2 (1.1%) and meningitis in 2 patients
(1.1%). All these complications were reversible, leaving
no permanent damage.

The following drug-related side effects of long-term
therapy with intrathecal pumps were described by 32 of

165 patients: slight somnolence 3 (1.2%), urinary reten-
tion 2 (1.21%), constipation 8 (4.84%), nausea 2 (1.21%),
vomiting 1 (0.60%), pruritus 3 (1.18%), sweating 3
(1.18%), edema 6 (3.63%), nightmares 1 (0.6%), and hy-
potension 2 patients (1.21%). Hence, the overall rate of
medical complications in long-term therapy with intra-
thecal pumps during 8 years of follow up was 13.9%.

Intrathecal combination therapy

Intrathecal monotherapy is successful in most patients
with chronic intractable pain syndromes. However, in
about 30% of patients, no satisfactory reduction of pain
is achieved. We introduced intrathecal combination ther-
apy with morphine and baclofen in patients with burning,
cramp-like pain and associated spasticity and dystonia.

O.F. Dystonia and pain

= Buphrenorphine
500 s Baclofen
—a=— VAS Level

Dose (kg)
O=NWHOON®O©O
VAS-Score (1-10)

1 2 34 567 8 91011 12131415161718 19 2021222324
Time (months)

Fig. 4. VAS score over 2 years in a patient with severe pain and dystonia.
After 9 months of intrathecal monotherapy with baclofen, intrathecal
combination therapy was commenced with addition of buprenorphine
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Combination with other drugs is also possible (Fig. 4).
Clonidin as well as local anaesthetic drugs have been
used either as sole treatment or in combination with
opioids (morphine, methadone, polamidone, buphrenor-
phine). The underlying pathology included lumbar
arachnoiditis, multiple sclerosis, cerebral apoplexy, root
avulsions and tumors. In our series (follow-up: 2-36
months), 60% of the patients who did not respond to in-
trathecal monotherapy, reported a significantly lower VAS
pain score with intrathecal combination therapy. Side
effects were rare, reversible, and comparable to those of
intrathecal monotherapy in frequency and severity. The
experience obtained in these cases indicates that, in care-
fully selected patients who do not benefit from intrathe-
cal monotherapy, pain can be managed satisfactorily
with morphine/baclofen combination therapy [15].
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Summary

Intrathecal delivery of analgesic drugs by implantable pump systems
has been recognized as a treatment option for patients with chronic pain
of benign or malignant origin that is resistant to oral or parenteral
medication. Patients with chronic back and leg pain (CBLP), a benign
but severely disabling condition of the lumbar spine with multifactorial
genesis, have been demonstrated in a number of retrospective and in
some prospective clinical studies to benefit from intrathecal delivery of
opioid and/or non-opioid substances, either as single drugs or in com-
binations. In addition, intrathecal therapy for CBLP has been proven safe
and less expensive that conventional medical therapy.

This chapter summarizes the clinical and experimental evidence and
the personal experience of the authors with long-term intrathecal infu-
sion therapy for CBLP. It discusses important clinical issues such as drug
selection, drug combinations, and side effects and complications of in-
trathecal infusion. It is concluded that further clinical research is needed
in order to provide stronger evidence for the usefulness of a number of
drugs currently used for intrathecal therapy on a mostly empirical basis.

Keywords: Bupivacaine; chronic back and leg pain; CBLP; intrathe-
cal infusion; implantable pump; morphine.

Introduction

Intrathecal infusion of drugs by implantable subcuta-
neous devices has been recognized as a viable alternative
option for the treatment of patients with chronic pain re-
sistant to oral or parenteral analgesics [12, 21, 34]. There
are currently three major classes of agents used in the
management of chronic pain by intrathecal infusion:
opioids, local anesthetics, and non-opioids such as adre-
nergic receptor agonists or NMDA receptor antagonists.
Opioids are the first choice for intrathecal infusion, with
morphine being the most frequently used drug and the
only one approved for intrathecal use by the US Food
and Drug Administration [11]. There is extensive clin-
ical experience with intrathecal morphine not only in
patients with chronic pain of benign origin, but also in

cases with malignant (cancer-associated) pain [22, 34].
Its efficacy and side effects are well known. Other opi-
oids such as hydromorphone are less well investigated,
but are increasingly chosen because of some advantages
over morphine [19].

Patients with chronic back and leg pain (CBLP) due
to degenerative spinal disease and spinal surgery are
a challenge to every pain clinician because of the dis-
abling nature of the disease and its resistance to medical
therapy [20, 24]. CBLP is a benign condition and there-
fore the clinical history of some patients may be rather
lengthy. CBLP patients require systematic long-term
follow-up and regular medical assessments because the
severity of their condition may vary considerably over
time. Intrathecal opioids show good analgesic efficacy in
these patients, however tolerance development and neu-
ropathic pain components may require additional non-
opioid drugs administered intrathecally in combination
with opioids [25, 27].

This review summarizes significant clinical and ex-
perimental evidence on long-term intrathecal infusion
therapy of patients with CBLP. It discusses important
practical issues such as selection and effects of analgesic
drugs and their combinations, side effects and compli-
cations of intrathecal drug infusion, and outlines future
developments in the field.

Chronic back and leg pain (CBLP) syndrome

CBLP is a complex chronic pain syndrome also known
as failed back surgery syndrome and commonly defined
by its anatomical localization and duration [20, 31]. It is
of multifactorial genesis and may be the consequence of
various lumbar spinal diseases, including arachnoiditis,
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degenerative disc disease, epidural fibrosis, lumbar disc
herniation, osteoporosis, or spinal canal stenosis [24, 33].
Pain patterns in CBLP may include neuropathic compo-
nents, but the main feature is usually nociceptive pain.

CBLP is not a very common pain condition. Only
5% of patients suffering with acute back pain and leg
pain (sciatica) will subsequently develop CBLP, how-
ever it is currently not possible to predict which acute
cases will evolve into chronic pain sufferers [31, 33].
Although degenerative or postsurgical disc pathology is
thought to be a common cause of CBLP, the relation-
ship between the extent of disc damage and the degree
of clinical symptoms is not clear [20]. A strictly mech-
anical or pathoanatomical explanation for CBLP has
proved inadequate.

Transition from acute to chronic pain is also influenced
by psychological factors, which include behavioral, cog-
nitive-affective, and psycho-physiological mechanisms
[20, 31, 33]. Psycho-physiological mechanisms are trig-
gered by organic injury or spontaneous degeneration and
may lead to generalized muscle overactivity, increased
fatigue, and other pain problems such as tension myalgia
and headache. The emotional stress produced by chronic
pain tends to stimulate the activity of the sympathetic
nervous system, which may further amplify nociception
through peripheral or central mechanisms [20].

Selection of drugs for intrathecal therapy
of chronic pain

The efficacy of intrathecal delivery of opioids has
been demonstrated both in patients with pain related to
cancer or to CBLP and other non-malignant conditions
[21-23, 34]. Initially, intrathecal long-term delivery of
morphine in patients with chronic pain of benign origin
was viewed somewhat controversially due to concerns
about the development of opioid tolerance, abuse, and ad-
diction [15]. However, clinical studies have clearly dem-
onstrated a very low incidence of opioid addiction and a
low rate of side effects [25, 26].

The use of programmable electronic pumps may have
some advantages over the less expensive non-program-
mable (constant-flow) mechanical devices [28]. In a study
of patients with chronic pain due to non-malignant con-
ditions, delivery of morphine through an implanted pro-
grammable pump provided good to excellent pain relief
for the majority of patients [14]. The pump was pro-
grammed to deliver morphine in a variety of patterns
to match each patient’s individual analgesic needs. In a
retrospective multicenter study of 429 patients with pain
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due to either cancer or non-malignant disease, it was
suggested that the use of programmable pumps for deliv-
ery of intrathecal morphine provided pain relief in the
majority of patients [21]. The mean percentage of pain
relief was 61% for all patients, and more than 95% ex-
perienced excellent or good pain relief.

An interdisciplinary expert panel carried out a large
internet-based survey and systematically reviewed the
literature in order to propose a scheme for the selection
of drugs for intrathecal infusion therapy [3]. It was uni-
versally accepted that the approach to intraspinal in-
fusion should be viewed as a hierarchy of therapeutic
strategies — first-line to fourth-line approaches, based
both on the availability of published data from clinical
studies and on the use of the respective drug in routine
clinical practice.

It was agreed that morphine should be considered
first-line strategy for most patients with chronic pain.
Although large randomized trials are still lacking, the
use of morphine is nevertheless supported by a relatively
large body of published literature and by a long history
of clinical use [3]. If intrathecal infusion of morphine
alone provides insufficient analgesia, a few second-line
strategies may be considered, mostly the combination of
morphine with a local anesthetic (bupivacaine) or with
an adrenergic receptor agonist (clonidine), or the use of
an alternative opioid such as hydromorphone. Combina-
tions of morphine with bupivacaine or with clonidine
could be considered when the pain syndrome has a neuro-
pathic component. Literature on second-line approaches
is however limited and there is no systematic informa-
tion to support the preferential use of one combination
over another. When second-line options do not provide
adequate pain relief, third-line approaches may be con-
sidered. Such are the combination of morphine, bupiva-
caine, and clonidine, or an alternative opioid, specifically
fentanyl or sufentanil, or the combination of hydromor-
phone with bupivacaine or clonidine. Data supporting
these combinations are very limited and clinical use is
infrequent. Finally, forth-line approaches may be con-
sidered in the uncommon case of failure of all previous
options and strategies. These are supported solely by pre-
clinical data and by anecdotal clinical cases. Forth-line
approaches are the use of intrathecal drugs such as the
opioids meperidine or methadone, the neuroleptic drop-
eridol, the NMDA receptors antagonists ketamine or
memantine, or the y-amino-butyric acid (GABA) ago-
nists midazolam or baclofen. It is recommended that the
use of these drugs is limited to appropriate clinical re-
search protocols [3].
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In 2003, the above recommendations were updated
and modified to accommodate the rapid changes that
have occurred in the last few years in the area of in-
trathecal drug delivery [11]. Although the hierarchical
structure of the treatment approaches was not signifi-
cantly modified, recommendations for the use of some
drugs changed. In addition, new requirements were for-
mulated such as the amount of minimum evidence
necessary to support the use of a drug for intraspinal
infusion [11]. According to these most recent recom-
mendations, first-line therapy consists of morphine and
of hydromorphone. Second-line therapy includes mor-
phine or hydromorphone combined with either bupiva-
caine or clonidine. If any of these combinations results
in inadequate analgesia or intolerable side effects, a
change to an alternative second-line combination or to
third-line drugs is recommended. As a third-line ap-
proach, both bupivacaine and clonidine may be added
to either morphine or hydromorphone. Forth-line drugs
include the lipophilic opioids fentanyl and sufentanil,
and the GABA agonists midazolam and baclofen [11].

Evidence of efficacy of intrathecal therapy
for chronic pain

Opioids

Randomized and controlled prospective clinical trials
investigating intrathecal morphine for chronic pain are
lacking. There are however a few prospective multicen-
ter studies, and numerous retrospective studies and case
reports (for review see Ref. [4]).

A prospective long-term survey of 16 patients re-
ported that intrathecal morphine reduced pain scores
for all types of pain, with the greatest efficacy found
somewhat surprisingly in patients with neuropathic and
mixed (neuropathic/nociceptive) pain [17]. A prospec-
tive study within the framework of the National Out-
comes Registry for Low Back Pain collected data on
136 patients with chronic low back pain treated with in-
trathecal infusion via implantable pumps. Of these 136
patients, 81% received morphine. Oswestry scale ratings
improved after 1 year by 47% in patients with back pain,
and by 31% in patients with leg pain [7]. Thimineur et al.
carried out a prospective study of long-term outcome
from intrathecal morphine therapy in chronic pain of
benign origin [32]. The study included two comparative
groups — 38 cases with implanted pumps and 31 cases
without implanted pumps. Results suggested that severe
chronic pain patients do benefit from intrathecal therapy,
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but the overall severity of pain and symptoms still
remains high. Anderson and Burchiel [1] treated 30 pa-
tients with benign chronic pain with intrathecal mor-
phine infusions and managed insufficient analgesia by
addition of bupivacaine in over 20% of all patients.
These authors did not see any major side effects specif-
ically related to bupivacaine use. They described toler-
ance development to morphine with an increase from
2mg/24h at baseline to 14.5mg/24h at 24 months,
and a median plateau type dose progression curve pre-
viously known from other opioid studies [2]. Roberts
et al. investigated 88 patients with chronic pain of be-
nign origin treated with long-term intrathecal opioid
infusion (average duration >36 months) [29]. Mean
pain relief was 60%, and 74% of patients reported in-
creased activity levels with therapy. Doses of oral med-
ication were significantly reduced. Opioid side effects
included endocrinological disturbances and spinal and
supraspinal symptoms. Hardware complications required
at least one further surgical procedure in 40% of the
patients. The mean intrathecal morphine dose increased
by more than 60% over 36 months [29]. Further studies
reported similar figures for efficacy and complication
rates [21-23, 34].

Intrathecal hydromorphone is increasingly used by
pain clinicians in recent years [11]. The potency of hy-
dromorphone is about 5 times that of morphine, but the
side effect profile is equivalent or better than that of
morphine [19]. As an additional practical benefit, the
use of hydromorphone allows longer periods of time
between pump refills. Few studies of intrathecal hydro-
morphone for chronic pain have been performed, and
there have been no controlled trials.

Local anesthetics

Bupivacaine as monotherapy or in combination with
opioids was demonstrated to be well suitable for the
treatment of chronic pain and free of significant side
effects [23]. In a randomized, double-blind, multiple-
phase crossover trial of 24 patients with chronic non-
malignant pain, the addition of bupivacaine to morphine
or hydromorphone produced a statistically significant
improvement in quality-of-life (QOL) scores. However,
neither a dose-related response nor a significant effect on
pain scores was observed [18]. In a prospective study of
47 non-cancer patients, Anderson and Burchiel observed
a 50% response rate 2 years after start of intrathecal opi-
oids in combination with bupivacaine [1]. Retrospective
analysis confirmed the lack of significant side-effects
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due to intrathecal bupivacaine. Deer et al. examined a
large patient group (n = 109) consisting of patients with
CBLP (n=284) or with pain of malignant origin who
received bupivacaine in combination with opioids over
an extended period of time [8]. The findings suggested
that addition of bupivacaine to opioids significantly
improved pain relief and patient satisfaction and sig-
nificantly reduced doses of oral analgesics. The total
dose of morphine was reduced by 23% in the combina-
tion group compared to the morphine only group. No
major adverse effects and no new neurologic deficits
were reported in patients exposed to opioid-bupivacaine
combinations [8].

Adrenergic agonists

The selective a,-adrenergic agonist clonidine, a lipo-
philic drug with rapid onset and short duration of action,
inhibits nociceptive impulses by activating adrenore-
ceptors in the dorsal horn of the spinal cord [19]. A
synergism is proposed between clonidine and opioids.
Predominant side effects reported for intrathecal cloni-
dine are dose-dependent bradycardia and blood pressure
changes [23].

Hassenbusch et al. reported a prospective study of
31 patients (25 with non-malignant pain) who received
intrathecal clonidine as a single analgesic drug [10].
Twenty-two patients progressed through the dose-esca-
lation stage and achieved >50% pain or symptom reduc-
tion without intolerable side effects. At 6 months, 77%
of them achieved good pain relief and 59% were consid-
ered long-term successes. No tolerance development to
clonidine was observed over time [10].

Other agents

Spinal NMDA receptors play an important role in the
processing of pain resulting from tissue and nerve injury
and in the development of tolerance. NMDA receptor
antagonists however lack a significant safety record for
intrathecal infusion. Moreover, redistribution of these
agents in different spinal compartments may result in
supraspinal side effects such as hypotension [10, 19].
Published data on the intrathecal delivery of NMDA
receptor antagonists is limited to ketamine. Midazolam
is a benzodiazepine class drug acting on the benzodi-
azepine/GABA, receptor complex. Midazolam has been
used intrathecally in animal experiments and proven to
produce analgesia in acute pain models. Intrathecal bolus
doses of midazolam have been used and demonstrated to

N. G. Rainov and V. Heidecke

result in segmental analgesia with long-term effects after
one-time application [30]. Early clinical studies have
been conducted in acute and chronic pain conditions and
have proved analgesic efficacy of epidural or intrathecal
midazolam as a single drug or in combination with
opioids or local anesthetics [2, 28, 30].

Personal experience with intrathecal infusion
of drug combinations for CBLP

Although morphine currently represents the gold
standard for intrathecal analgesia by infusion of a single
drug, other opioids such as hydromorphone, fentanyl,
sufentanil, and meperidine are now being successfully
used in patients who do not tolerate morphine. While
these opioids have shown sufficient efficacy against no-
ciceptive pain, analgesia in neuropathic or peripheral-
neuropathic pain is often incomplete, and addition of
bupivacaine or clonidine is necessary [11, 19].

Our personal experience with intrathecal morphine in
patients with CBLP who are resistant to medical therapy
and to high-dose oral or parenteral opioids demonstrates
a rather limited long-term success. In the majority of
cases, the dose of morphine dose has to be increased
rapidly, often reaching the 10-fold of the initial dose
within a year. Despite relatively high doses of morphine,
we are sometimes unable to achieve sufficient relief
of the often present neuropathic and/or peripheral-
neuropathic type of pain. On the other hand, most pa-
tients on a high dose of intrathecal morphine complain of
side effects, such as nausea, sedation, profuse sweating,
and severe constipation. To circumvent these short-
comings of intrathecal infusion therapy for CBLP, we
designed and systematically tested a stepwise polyanalge-
sia approach in these patients [28]. An open prospective
study included 26 patients (15 females and 11 males)
with a median age of 54 years (range 35—-68 years). Only
patients were enrolled who underwent at least one spinal
surgery procedure for lumbar disc herniation or lumbar
spinal stenosis, with or without instrumented fusion, and
who had developed postoperatively CBLP refractory to
standard medical treatment according to the WHO pain
treatment ladder. Pain was diagnosed as mixed neuro-
pathic /nociceptive in 18 of 26 patients (69%), radicular
neuropathic with a minor nociceptive component in
6 cases (23%), and mixed radicular/peripheral neuro-
pathic in 2 patients (8%). Pain area patterns in all pa-
tients included axial low back pain and unilateral or
bilateral buttock and leg pain of irregular pattern (not con-
fined to anatomically defined dermatomes). For patients
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with mixed neuropathic-nociceptive pain, trial infusions
were started with morphine and clonidine. Patients with
predominantly neuropathic or radicular/peripheral neuro-
pathic pain were treated with morphine, clonidine and/or
bupivacaine. If the pain was not sufficiently reduced
with this medication, midazolam was added to the in-
fusate. A portable external pump was used for all test
infusions (Fresenius GmbH, Berlin, Germany), and a
volume of 2ml/24h was infused intrathecally. Typically,
test infusion was started with 0.5mg/24h morphine
and titration was performed until a pain response was
noted. Clonidine was added at 0.015mg/24h, and
bupivacaine at 0.5 mg/24h. Midazolam starting dose
was 0.2 mg/24 h. The amount of pain reduction during
the trial period varied in each patient, and was opti-
mized on a case-by-case basis primarily by titration
of morphine. If the starting dose of morphine had to
be doubled during titration, the adjuvant drugs were
titrated one by one to improve analgesic effects at the
same opioid dose. Only after doubling the doses of
adjuvant drugs was morphine dose increased further.
After reaching and maintaining sufficient analgesia
(at least 50% reduction in intensity and unpleasantness
of all pain components, as well as subjective satisfac-
tion of the patient), a SynchroMed® programmable
pump (Medtronic, Inc., Minneapolis, MN) was perma-
nently implanted and filled with the best performing
combination of drugs at the concentrations used during
the trial period. Patients were followed monthly for the
first 3 months after pump implantation, then every 3
months. Long-term treatment efficacy was defined by
patient-reported reduction of pain and additional analge-
sic medication and by functional improvement and sub-
jective satisfaction.

Mean follow-up time after implantation was 27 £ 11
months (mean + SD). During follow up, analgesic ef-
fects of intrathecal drug infusion varied somewhat, but
remained constantly under the 50% mark compared
to the initial pre-implantation findings. Morphine doses
had to be increased over time, but the dose increase was
rather moderate. It was noted that pain also changed
with time of infusion, and some patients reported on
newly occurred neuropathic or nociceptive pain com-
ponents, which were then treated by adding to the
pump the respective drug not given to the patient
up to that point (e.g. midazolam if the patient was
treated previously by morphine/clonidine /bupivacaine,
or bupivacaine if the patient was treated by morphine/
clonidine/midazolam). Two years after pump implanta-
tion, intrathecal morphine was administered to a total of
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26 patients (100%), bupivacaine to 20 (77%), clonidine
to 16 (62%), and midazolam to 10 (38%).

No major clinical side effects of the treatment, such as
myelopathy, permanent loss of bladder control, or motor
weakness, were encountered, besides the usual mild tem-
porary side effects of morphine (constipation, nausea,
pruritus, hesitant micturition). Besides the assessment of
pain severity, permanent neurological signs and symp-
toms were evaluated 2 years after start of intrathecal
drug infusion. The greatest benefits were seen in ambu-
lation, both improved walking ability and prolonged
walking distance, as well as in the nearly complete re-
duction of supplemental oral or parenteral analgesics.
There was also an improvement in sleep and sensomotor
disturbances. Seventy-three percent (n=19) of the pa-
tients rated the long term treatment result as excellent or
good, 23% (n = 6) as sufficient, and only 1 patient (4%)
described poor results. Hardware complications were a
rare event in our CBLP patients. In 2 cases (8%), there
was a catheter leakage or occlusion 4 and 9 months post-
implant, respectively, which was noted because of rapid
decline in analgesic efficacy despite repeated dose in-
creases and pump refills. After catheter replacement,
effective analgesia was restored. In one patient, the re-
servoir septum became leaky after 14 months of usage,
and the pump had to be replaced. No serious catheter or
pump infections leading to removal of the implant were
noted [28].

Complications and side effects of clinically
relevant drugs

Stability of intrathecal drugs and their combinations
over time is a concern with implantable delivery sys-
tems. Wulf er al. investigated stability of morphine, clon-
idine and bupivacaine during up to 90 days, and found
no macroscopic or microbiological signs of precipita-
tion, change in color, contamination, or pH shift. None of
these three drugs declined in concentration during the
observation period [35].

Formation of an inflammatory mass (granuloma) at
the tip of the intrathecal catheter has been recognized
as a serious complication of long-term intrathecal deliv-
ery of opioids [9]. Coffey and Burchiel analyzed reports
of catheter tip granulomas in 39 patients who received
intrathecal morphine or hydromorphone, either alone or
mixed with other drugs, and noted that the presence of a
granuloma was invariably related to administration of
intrathecal opioids [5]. The authors recommended mini-
mizing opioid dosage and concentration and providing
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close follow-up of patients to reduce the risk of neu-
rological injury. Further reports confirmed that catheter
tip granuloma appears to increase with concentration
and dose of the opioids [9]. It was recommended that,
if possible, morphine should be infused at a maximum
concentration of 30mg/ml and a maximum dosage of
15mg/day. Animal data suggest a lower risk of granu-
loma formation from hydromorphone than from mor-
phine [36]. Further opioid-related side effects are related
to the hypothalamic-pituitary function [29]. Patients
treated with intrathecal morphine show reduced levels of
gonadotropic hormones, growth hormone, and cortisol,
and some of them may benefit from hormone replace-
ment therapy [25].

Intrathecal bupivacaine is remarkably well tolerated.
It is recommended that bupivacaine doses do not exceed
30mg/day at a maximum concentration of 38 mg/ml
(3.8%). This total daily dosage is likely to preserve
lower extremity and bladder function in most patients,
although in some cases it has been shown to produce
sympathetic blockade, somatosensory blockade, and/or
motor blockade [13].

Based on extensive clinical experience and on the
lack of observed neurotoxicity, a dosage range of 10—
1000 pg/day is recommended for clonidine, although
the risk for significant side effects seems higher in the
upper part of this range. Side effects may include hypo-
tension, sedation, peripheral edema, and cardiac arrhyth-
mias [10].

Economic aspects of long-term intrathecal
therapy for chronic nonmalignant pain

De Lissovoy et al. conducted a computer simulation
study of outcomes in patients with failed back surgery.
The objective was to estimate the direct cost of intrathe-
cal morphine therapy delivered via an implantable pump
compared to alternative therapy (medical management)
over a S-year course of treatment. Results from this
computer simulation indicated that long term intrathecal
infusion of morphine appears to be cost-effective when
compared with alternative (medical) management when
the duration of therapy exceeds 12 months [6]. Kumar
et al. compared in a prospective clinical study the cost-
effectiveness of intrathecal drug therapy with that of
conventional pain therapy in patients suffering from
CBLP. From 67 patients with chronic pain related to
failed back surgery syndrome, 23 underwent implanta-
tion of a programmable pump and 44 were treated with
conventional pain therapy and acted as controls. Patients

N. G. Rainov and V. Heidecke

were followed for a S-year period and the impact of
treatment on the quality of life was also assessed. The
actual cumulative costs for intrathecal therapy during a
5-year period was more than 30% higher than that for
conventional pain therapy. High initial costs of hardware
were however recovered by 28 months. After this time
point, managing patients with conventional therapy be-
came the more expensive treatment option for the re-
mainder of the follow-up period [16].

Obviously, considerable differences in the medical
care systems of different countries make meaningful in-
ternational comparisons almost impossible, but nation-
wide surveys consistently confirm the notion that, above
and beyond its superior analgesic efficacy in selected
cases, long-term intrathecal drug therapy is more eco-
nomical than medical pain therapy, with a country- and
health care system-specific break-even period of varying
duration.

Conclusions

Advances in pain research and pain therapy were
combined with quantum leaps in the development of
new implantable technologies to develop long-term
intrathecal therapy as a safe and efficacious routine cli-
nical approach to chronic pain resistant to oral or paren-
teral medication. Unfortunately, clinical capabilities for
safe drug delivery have advanced rapidly beyond the
scientific foundation of these approaches. Studies in the
field have been mostly retrospective, and considerable
variations between study designs have made useful
comparisons of existing data very difficult [4]. Clinical
efficacy of intrathecal drug delivery remains to be de-
monstrated in prospective large-scale randomized and
controlled trials. Currently there is also little information
about long-term efficacy and safety of the numerous
drugs that have been used intraspinally in second, third
and forth-line approaches [3, 11]. Important information
about pump-drug compatibility, drug-drug stability, and
the effects of the pH on outcome is lacking [35]. Clearly,
further research in the intrathecal delivery of pain med-
ications is warranted and needed if a more widespread
and evidence-based acceptance of this strategy is to be
achieved. Currently it seems however accepted among
pain clinicians that the clinical use of intrathecal drugs
has less rigid aims, criteria, and endpoints than academic
research studies, although the gap between these two
areas need to be reduced and eventually closed [11].

Based on extensive clinical experience and review of
the current literature, intrathecal morphine appears to be
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safe at moderate clinical concentrations and has favor-
able efficacy data. Limited information on other opioids
also appears favorable from both a toxicology and effi-
cacy standpoint [4, 19, 23]. Bupivacaine is the only local
anesthetic agent that currently shows favorable data for
both clinical efficacy and toxicology [11]. Based on
the currently available literature, both clinical efficacy
and toxicology for clonidine appear encouraging [10].
Combinations of different drug classes such as opioids
with local anesthetics, opioids with clonidine, and opi-
oids with local anesthetics and/or clonidine are current-
ly being used in clinical practice without hard evidence
for synergism [3, 45]. The efficacy reports appear favor-
able, but are based largely on case studies and retro-
spective analysis. Little information is available on the
long-term compatibility of these combinations [11, 19].
Clinical and laboratory research on gabapentin, NMDA
antagonists, naloxone, calcium channel blockers, mid-
azolam, and cyclooxygenase-2 inhibitors is currently
being carried out and may eventually lead to the dis-
covery of additional clinically relevant treatment mo-
dalities [11]. Finally, further research is needed to select
the best clinical applications for many of the compounds
currently used in clinical practice without well defined
indications.
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Summary

Neuropathic pain is notoriously difficult to manage and only a few
classes of drugs may provide adequate benefits. Thus, in many cases
spinal cord stimulation (SCS) is considered; however, in this group of
patients, between 30-50% of the cases offered a percutaneous SCS trial
may fail to obtain a satisfactory effect. Additionally, a certain number of
patients with a good initial effect, report that after a period the benefits
are reduced necessitating additional peroral drug therapy.

Based on animal studies of transmitters and receptors involved in the
effects of SCS in neuropathic pain, the GABA-B receptor seems to play
a pivotal role for the effect and, moreover, the agonist baclofen injected
intrathecally in rats potentiated the SCS effect in animals not responsive
to SCS per se. Based on these and further studies, 48 patients with
neuropathic pain and inadequate response to SCS were given intrathecal
(i.t.) baclofen (ITB) in bolus doses as an adjuvant.

In this group 7 patients enjoyed such a good effect that they were
implanted with both SCS and drug delivery systems for ITB. Four
additional cases received baclofen pumps alone. Some other patients
were given intrathecal (i.t.) adenosine in combination with SCS and ini-
tially preferred this to baclofen. The chronic use of this drug in a pump
however proved to be technically problematic and all the adenosine
cases were eventually terminated.

At follow-ups, in average 32 and 67 months after start of SCS+
baclofen therapy, more than 50% still enjoy a very good effect. The
daily dose of baclofen needed to maintain the effects was approximately
doubled during the observation period. There were few and mild side-
effects. However, in a group of three patients with peroral baclofen ther-
apy and SCS, complaints of side-effects were common and this therapy
was terminated. Informal reports from collegues support the negative
experience with additional peroral baclofen.

In conclusion, in patients with neuropathic pain demonstrating inade-
quate response to SCS (small VAS reduction; short duration) a trial of
intrathecal baclofen in combination with SCS may be warranted.

Keywords: Neuropathic pain; spinal cord stimulation; baclofen; ade-
nosine; clonidine; gabapentin; pregabalin; rat; human trials.

Introduction

Spinal cord stimulation (SCS) is a minimally invasive,
reversible, and in well selected cases, very cost-efficient
therapy for chronic pain resistant to pharmacological regi-
mens [17, 26, 33] (c.f. also other chapters in this volume).

However, in spite of very satisfactory results in some pain
syndromes e.g. angina pectoris and vasospastic ischemic
pain, many cases of neuropathic pain still pose a chal-
lenge to the clinician [26]. Even in groups of well-selected
patients with chronic neuropathic pain, up to 30-50%
do not experience sufficient pain alleviation during a one
to two week percutaneous test with SCS and thus will
not proceed to a full implant. There is as well a large
group of patients in whom, after a period with satisfac-
tory pain relief extending from about six months to more
than 1 year, the effect of the stimulation diminishes and
becomes inadequate, requiring additional peroral drug
treatment; this previously, in most of the cases has been
proven insufficient and carrying side-effects (e.g. tricy-
clic antidepressants and anticonvulsive compounds). Since
SCS is often considered the last resource in many of
these refractory pain conditions, the lack of effect — or
loss of previous effect — in these patients poses a chal-
lenge to develop new therapeutic strategies.

The combination of SCS and drugs for treating such
difficult pain syndromes is mainly based on the concept
of enhancing or potentiating the effect of SCS by low
doses of drugs where significant side effects are avoided.
These drugs may act targeting the same specific receptor
populations as SCS does, or by recruiting additional
mechanisms of pain suppression, thereby providing a
net reduction in pain levels.

There have been many attempts to predict the out-
come of CNS stimulation through various pharmacolog-
ical tests but so far none has proven efficient [29].

During the late seventies and early eighties experi-
mental research on SCS mechanisms utilizing mainly
neurophysiological approaches provided evidence for the
recruitment of large diameter fiber systems in the spinal
cord, activating ‘“‘the Gate Mechanism” and inducing
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changes also at the thalamic level [10, 18, 23, 28, 30, 32].
During the last two decades interest has been directed
onto the neurochemical mechanisms involved in the ben-
eficial effects of SCS and more specifically on trans-
mitters and receptor subgroups [3, 28]. Based on such
data from animal experiments, trials with tailored drug-
enhanced SCS could be performed providing the foun-
dation for clinical trials on patients.

Experimental foundations

The experimental background to the strategy presented
in this chapter is based largely on studies of various types
of animal models of neuropathic ‘“‘pain-related behav-
iour” such as pathological withdrawal thresholds to in-
nocuous tactile and thermic stimuli — reactions mimicking
the allodynia observed in patients with peripheral nerve
lesions [13].

Early animal experiments performed on normal healthy
animals demonstrated release of transmitters supposed
to be involved in suppression of nociception [24, 27];
these must be confirmed on animal models of neuro-
pathic pain since nerve lesion have been demonstrated to
markedly alter the transmitter concentration in the dorsal
root ganglia and in the dorsal horns [15], possibly also
altering the role of the transmitters.

During the last decade data has been accumulated
regarding the central transmittor systems and receptors
involved in the beneficial effects of SCS. For example, it
was demonstrated a couple of years ago, that SCS in-
duce the release of the inhibitory amino-acid GABA in
the spinal dorsal horn in normal rats [27]; subsequently,
in animal models of neuropathy [38], a clear relationship
between the SCS-induced GABA release and the alle-
viation of the neuropathic symptom studied was also
established (tactile hypersensitivity to touch in a nerve
lesioned hind paw: “allodynia’). In a further study, it
was observed that the beneficial effects of SCS, in the
nerve-injured animals, were abolished if a GABA-B re-
ceptor antagonist was administered either intrathecally
via an implanted catheter or via a microdialysis probe
in a terminal acute experiment [4, 6]. On the contrary,
intrathecal administration of the GABA-B receptor ago-
nist baclofen in a very low, and per se ineffective, dose
enhanced the effect and could convert non-SCS respond-
ing animals into good responders [4] (Fig. 1). A similar
enhancing effect at even a very low dose of a drug
administered intrathecally in experimental animals was
established also for R-PIA, a compound acting on the
adenosin Al-receptor [5, 7], and later for other pharma-
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Fig. 1. The selected i.t. baclofen doses had no effect on withdrawal
thresholds in the allodynic SCS non-responding rats, but in combi-
nation with SCS produced a normalization of the low withdrawal
thresholds. At the end of the SCS, a GABA-B antagonist 5-AVA was i.t.
administered resulting in an instantaneous and short-lasting drop of the
thresholds values. [4] (Reprinted with permission)
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Fig. 2(A and B). Effects on withdrawal thresholds of SCS in com-
bination with subeffective doses of (A) gabapentin and pregabalin i.t.
and (B) clonidine i.t. in rats where stimulation per se was ineffective.
SCS was applied for 30 min beginning at Omin for i.t. injection.
[36, 41] (Reprinted with permission)
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ceuticals already in clinical use; gabapentin and prega-
balin [41] (Fig. 2A) as well as clonidin [36] (Fig. 2B).
The common denominator in these trials was that in rats
not responding to SCS with symptom alleviation, intra-
thecal injection of a drug at a very low — and by itself
ineffective dose — could enhance the effect of SCS so
that the net outcome was a normalization of the with-
drawal thresholds. The goal was to support SCS with
such a low dose of the pharmaceutical that side-effects
would be absent or only minor.

These observations formed the impetus to perform
clinical trials in patients with inadequate response to
SCS therapy. Since i.t. infusion of baclofen via im-
planted pumps has been used as treatment of spasticity
[19] and adenosine has proven effective in some cases of
neuropathic pain [2], it was natural to start patient trials
with these compounds.

Clinical trials

Up to the present date, one formal clinical trial has
been performed [21] including 48 patients of whom
seven finally were implanted with SCS systems and a
programmable pump for intrathecal delivery of baclofen.

The patients implanted with SCS systems combined
with intrathecal baclofen administration have now been
followed up for several years (in average 67 months)
and some preliminary late outcome data have been
accumulated.

Materials and methods

Forty-eight patients who suffered from neuropathic pain due to pe-
ripheral nerve lesions were recruited for the trial, if they proved to have
insufficient effect of SCS (less than 50% pain reduction or less than
45 min post-stimulatory pain reduction after a 30 min stimulation period).
Most patients had not tried SCS before entering this study thus being
submitted to a percutaneous SCS trial period; however, some had been
previously treated, but had experienced diminished and insufficient
effect of stimulation.

In addition, some patients were tried with the intrathecal drug only.
The drug baclofen was chosen to start with since we had a long experi-
ence with this drug in intrathecal pump therapy for spasticity. The same
dosages for bolus trials were used as we use for regular pre-implant trials
for spasticity treatment: 25, 50 and 75 pg (and for some patients 100 pg).
Initially patients elected for trial received an intrathecal catheter, but as
CSF-leakage-problems occurred a fine-needle lumbar puncture needle
was instead used (27 G). Daily lumbar punctures with this technique
were generally uneventful. Injections were given on separate days, the
first dose always being the lowest, but higher doses as well as placebo
(saline) were given randomly. The injections were blinded to the pa-
tients, but they were informed that one or several injections would be
saline. The patients evaluated their pain using a standard visual-analogue
scale (VAS) at baseline and subsequently every ¥2h, to assess the effect
of the intrathecal drug alone. After 1%2h a 30 min session of spinal cord
stimulation was started, and the pain was again evaluated on VAS scale,
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Fig. 3. Individual dose-response curve for a patient tested with SCS
and baclofen. SCS at 0—0.5h. Bolus injections were given 1¥2h prior
to SCS. [21] (Reprinted with permission)

as well as the post-stimulation duration of pain reduction. Only sponta-
neous pain was evaluated; there were no systematic tests performed for
evoked pain, although in some cases the patient spontaneously men-
tioned decrease also of this pain component. All kinds of presumed side-
effects were carefully noted. An example of a patient responding well to
i.t. baclofen and SCS is given in Fig. 3.

In this study the patients were considered to have a positive response
if they received a pain relief of at least 50% (with or without SCS and
regardless of duration).

Seven patients were also tested for adenosine intrathecally, using
doses of 500, 1000 and 2000 pg in a similar fashion, but with SCS ini-
tiated already 30 min after the i.t. injection.

Patients who benefited from intrathecal drug administration according
to VAS ratings and their rating of the general effect were offered pump
implantation. If the beneficial effect was mostly an increase of the effect
of SCS, both an SCS-system and a pump for intrathecal drug delivery
was suggested. On the other hand, if the main effect emanated from the
intrathecal drug alone, only pump implantation was recommended. A
few patients with effect from very low doses of i.t. baclofen were
continued on peroral baclofen medication only.

Baclofen

Outcomes from the bolus trial for baclofen, in responders, are shown
in Fig. 4. However out of 48 tested patients only twenty responded to
the tests with pain relief of >50%. In total, 11 pumps (Synchromed,
Medtronic, USA) were implanted for continuous baclofen administra-
tion. Four patients received pumps alone, without SCS, and seven both
an SCS (Quad leads and Itrel 2 or 3 IPGs, Medtronic Inc, USA) system
in parallel with a pump. Later two pumps were explanted, due to equip-
ment problems and diminished therapeutic effect.

Adenosine

For adenosine delivery a different kind of implanted patient-operated
pump was used, the Algomed pump (Medtronic, USA); this allows the
patient to give boluses on demand by pressing a “button” placed sub-
cutaneously. Intrathecal treatment with adenosine unfortunately often
carried unpleasant side-effects, namely back-pain immediate on delivery
and subsequently not rarely headache. This was possibly due to vaso-
dilatation, and to counteract it, bupivacaine (Marcain Astra-Zeneca,
Sodertalje; Sweden) was added to the adenosine solution. This strategy
worked well with bolus trials and the compounds injected in sequence.
However, if mixed in a pump container the mixture proved to be unsta-
ble and after about a week, the pain relieving effect of bolus administra-
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tion performed by the patients themselves diminished markedly (>60%).
Few patients, however, enjoyed good effect of adenosine and choose to
use it alone in the pump without bupivacaine, but after a year they all
wanted to terminate this treatment. Thus, trials with intrathecal adeno-
sine in addition to SCS were eventually abandoned.

Results

Seven patients (average age 55) received pumps for
baclofen administration as an adjunct to SCS. The start-
ing dose of baclofen was in average 74 ng/24h (range
50-100).

Follow-up

On the first follow-up (after in average 32 months,
range 7-72 mo), the average dose had increased to
146 pg (range 75-250). Average VAS before the trial
was 76 (70-90) and on follow-up 33 (0—80). Four pa-
tients (average age 53) received pumps for baclofen
administration alone. Their average starting dose was
69 pg/24h (range 50-75) and on follow-up (47 months,
range 6—70) the mean dose had increased to 171 pg
(range 90-290). The average VAS before the trial in this
small group was 63 (40-90) and at the follow-up 33
(20-80).

Two pumps were explanted, due to diminished com-
bined effect and subjective local irritation.

Eight of the eleven patients with receiving baclofen
infusion (with or without SCS) reported one or more

side-effects. These were mostly unspecific (diarrhoea,
weight gain and slight numbness and heaviness of the
feet). Two patients reported side-effects of sexual nature
(difficulty to get orgasm (female) and impotence).

Three patients tried only low dose per-oral baclofen as
an adjunct to SCS, but they all complained of tiredness
and dizziness; they all chose to discontinue baclofen
therapy.

Late follow-up

At the next follow-up, in average 67 months after im-
plant, the pain-relieving effect had remained unchanged,
both in patients treated with SCS and i.t. baclofen and
in patients treated with i.t. baclofen alone. However a
further increase in baclofen dose has been necessary for
most patients (an average 30% increase of the dose at
the early follow-up). Side-effects remained the same,
and acceptable to all patients. No further explants have
been performed. Further results from long-term follow-
up will be reported in a forth-coming publication.

Discussion

Initially, the hypothesis of the combined SCS and
drug therapy was developed in our laboratory as a re-
sult of two important observations [38]. First, it was
observed that only a portion of rats responded to spinal
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cord stimulation after sciatic nerve injury. The percent-
age of responders varies in different animal models but
was especially low in the Gazelius model [5, 12] and
in the spared nerve injury model (SNI-model) [8, 20].
This fact mimics the lack of effect in about 30 up
to 50% of neuropathic pain patients, who are consid-
ered non-responders to SCS according to the criteria
described above [25, 26]. Secondly, the role of the
GABAergic system in SCS-induced pain relief was
investigated with microdialysis techniques; this led to
studies where the GABA-B receptor agonist baclofen,
in a per se ineffective dose, was injected intrathecally
and combined with SCS. In rats, we were able to dem-
onstrate that the concurrent use of SCS and i.t. baclofen
produced a marked potentiation of the suppression of
the pain-related behaviour [4, 5], although these thera-
pies were insufficient when used separately.

The i.t. administration of drugs in low doses requires
an implanted pump and regular refills; it is, however, a
logical and reasonable approach since few side effects
were observed during the long-term follow-up.

The exact mechanism behind the combined effects
of SCS and i.t drug injection probably varies depending
on the pharmaceuticals used. In some instances a true
additive effect on the receptor level is possible while
in others the enhanced pain alleviation may be due to
recruitment of another inhibitory mechanism.

In animal studies, it has not been convincingly dem-
onstrated as yet that there is a programmed cell death
(apoptosis) of inhibitory neurons/GABAneurons in the
dorsal horns after peripheral nerve injury. It has been
shown that GABAergic transmission to lamina II in the
dorsal horn was clearly reduced in pain animal models
displaying tactile hypersensitivity [31]. These findings
suggest that the loss of inhibition resulting from disap-
pearance of GABAergic interneurons is related to the
genesis of neuropathic pain; however, these findings
could not be confirmed by others [35].

In our animal studies, totally non-responsive rats
proved to be good responders after bolus injections of
low doses of both GABA and baclofen [4, 6]. The same
has been true also for the substances investigated later
such as gabapentin, pregabalin [41], and clonidine [36].
Nonetheless, it should be emphasized that in the clinical
trials it was never possible to convert a totally non-
responder to SCS neuropathic patient to a well re-
sponding one by adding i.t. baclofen. This is in striking
contrast to the animal experimental observations and it
suggests that the additive effect is more likely already
exerted at the receptor level.
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The microdialysis studies conducted in our laboratory
showed suppression of tactile hyperexcitability by SCS;
these findings have been associated with an increase
in the release of GABA in the dorsal horn. In contrast,
a significant decrease of glutamate and aspartate release
was also related to the effect of SCS in rats in which
signs of neuropathic pain were suppressed by SCS.
It is important to realize that this is only one example
of what is occurring in the spinal dorsal horn when SCS
is applied. Most probably, a cascade transmitters release
is induced of which only few have relevance to the con-
dition treated.

Furthermore, there may be other systems involved in
the effect of SCS. For example the mechanism behind
the high effectiveness of SCS in CRPS is still poorly
understood [22, 28]. In such pain states, there is auto-
nomic dysregulation. This is associated not only with
direct effects of SCS on hyperexcitable central neurons
but also inhibitory effects on sympathetic efference as
well as effects on the peripheral vasculature via other
routes [26, 28].

The further exploration of physiological and neuro-
chemical changes underlying the beneficial effects of SCS
will probably provide clues to design a better pharma-
cotherapy when drug-enhanced SCS therapy is considered.

A ““drug-enhanced spinal cord stimulation™ trial
seems to be a logical alternative for neuropathic patients
with peripheral nerve injuries who lack sufficient pain
relief by SCS alone or, after a successful treatment
period, have experienced a reduced, inadequate effect.
The substances tested so far are already registered for
i.t. use. Other promising substances should be sub-
jected to clinical trials as well; notably, a prospective
randomized controlled trial with SCS and i.t. clonidine
has recently been started at the Karolinska University
Hospital.

One other systematic trial of baclofen as an adjuvant
therapy to SCS has been started [34], but so far no
results have been reported. Furthermore single patients
seem to have been tried with the combination in several
centres. (J-P van Buyten, pers comm). The use of
intrathecal baclofen for pain therapy has been reported
by many authors [1, 37, 39, 42] as well as the use of
clonidine either as the only treatment [11, 14, 40] or in
combination with other analgesics [9, 16].

Conclusions

In neuropathic pain patients who have an insufficient
response to spinal cord stimulation, a trial with intrathe-
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cal drug administration aiming in enhancing the effect of
SCS may be warranted. Such a trial can be performed
both in patients undergoing first-time testing for SCS
as well as in patients who have already received SCS
but continue to experience a diminished effect. A num-
ber of patients may benefit from the combination of
SCS and intrathecal drug delivery; it is necessary that
patients are aware of possible side-effects as well as
the need for frequent health care contacts necessary
to maintain the intrathecal drug-delivery system. The
combination of SCS and peroral baclofen has not, so
far, been proven effective considering the side-effects
reported in our few cases and also from personal un-
published reports from clinical colleagues. Systematic
trials with peroral gabapentin and pregabalin in low
doses seem warranted. However, to our knowledge,
they have not yet been performed. In Fig. 5 we propose
an algorithm for testing adjuvant intrathecal therapy in
cases of inadequate effect of SCS alone. Further pre-
clinical and clinical research in this area could con-
tribute to develop a combined SCS-drug treatment in
neuropathic pain patients.
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Neurosurgical pain therapy with epidural spinal cord stimulation (SCS)
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Summary

Neurosurgical therapy for intractable pain with epidural implantable
electrodes has become a widely used and efficient alternative when
conservative or less invasive therapies are no longer effective. A com-
plete interdisciplinary work-up is required before considering a patient
as a candidate for a spinal cord stimulation (SCS) device. In more
than 1300 patients we implanted an SCS device in our clinic; more
than 52% reported a significant (>50%) long-term improvement for
more than 3 years and a significant reduction in their analgesic drugs.
Although placement of the electrode and implantation of the stimulator
are technically easy to perform, they do carry a risk of potentially
debilitating complications such as meningitis or component migration.
Hence, SCS therapy should only be performed in specialized centers. In
peripheral vascular disease (PVD) and angina, the initial results are very
promising, but the long-term efficacy has to be proven by multicenter
studies.

Keywords: Neuromodulation; pain; failed back syndrome; spinal
cord stimulation; SCS; epidural stimulation.

Introduction

Electrical stimulation for intractable pain syndromes
is not a new therapy. In the 17th century, Descartes
proposed that pain was a specific sense of its own,
mediated by its own central and peripheral apparatus
like taste, smell, and hearing. In the 19th century, pain
was considered as the result of an intense stimulus me-
diated to the brain by non specific receptors. One theory
suggested the existence of specialized local receptors,
the other a specific pattern of information, a quality
determined by the intensity of the stimulus.

In 1965, Melzak and Wall proposed the “gate con-
trol” theory [12] and described a sensory discriminative
system that reports the location and intensity of a stimu-
lus to the brain, as well as a motivational-affective sys-
tem, that reports on the quality of pain. Melzak and Wall

used the symbol of gates letting in or keeping out pain in
varying degrees. In this model, the personality of the
patient has a great impact on the intensity of the per-
ceived pain. Pain is a result of present and past experi-
ences and perceptions, which may be conscious or
unconscious. The ‘“‘gate control” metaphor may help
explain why the same injury can be experienced so dif-
ferently among various people. After the first implanta-
tion of a spinal electrode by Shealey and Mortimer in
1967, neurosurgeons became interested in electrical stim-
ulation therapy [8]. In 1969, Reynolds et al. were able
to show that electrical stimulation of the brain stem
could provoke profound analgesia in laboratory animals
[20]. Since then, neurostimulation has been applied to
every location along the pain pathway: dorsal column
stimulation (DCS), spinal cord stimulation (SCS), pe-
ripheral nerve stimulation (PNS), deep brain stimulation
(DBS in brainstem or thalamus), and motor cortex stim-
ulation (MCS) [1, 3, 8, 16]. This widespread clinical
application somehow contrasts with very few convincing
experimental studies examining the mechanisms of stim-
ulation induced analgesia. In 1993, Kupers and Gybels
[11] showed that thalamic electrostimulation is able to
reduce mechanical allodynia produced by partly ligat-
ing the sciatic nerve in a rat model of neuropathic pain.
This effect could not be reversed by the application
of naloxone, suggesting a non-opioid mechanism of
pain modulation. In SCS, nerve fibers near the dorsal
column of the spinal cord are stimulated, thereby mask-
ing the sensation of pain. SCS stimulation also pro-
vokes a heat sensation; this is due to an increase of
blood flow to the affected skin area resulting in a local
temperature increase and hence stimulating peripheral
thermoreceptors.
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Table 1. Main indications for epidural spinal cord stimulation

— radicular pain

— failed back surgery syndrome (FBSS) with neuropathic pain

— chronic sciatic pain due to epidural fibrosis or aseptic adhesive
arachnoiditis

— complex regional pain syndrome (CRPS I)

— phantom limb pain

— peripheral vascular disease (PVD)

— angina

Patient selection for SCS

Clinical conditions that represent widely accepted
indications for SCS implantation include: failed back
surgery or low back syndrome, radicular pain syndrome
or radiculopathies resulting in pain secondary to failed
back syndrome, herniated disk pain refractory to con-
servative and surgical interventions, peripheral causal-
gia, epidural fibrosis, arachnoiditis, complex regional
pain syndrome, reflex sympathetic dystrophy or causal-
gia, stumb pain, angina and PVD (Table 1) [2, 5, §, 10,
13, 16, 19, 23, 24]. SCS should be applied only if other
conservative and less invasive approaches have failed.
If there is radiological evidence of spinal canal or root
compression, microneurosurgical decompression is indi-
cated but not SCS. Up to now, no defined clinical pattern
has been found to predict pain relief by SCS. Never-
theless, clinical data indicate that neuropathic pain is
more accessible by SCS than nociceptive pain. SCS
produces a segmental, reversible inhibition of sympa-
thetic vasoconstriction in the periphery. Many patients
report a comfortable feeling of warmth and stimulation
induced paresthesias in the corresponding area. In order
to achieve suppression of pain perception, switching on
the electric current in SCS stimulation should result
in tingling sensations that cover the painful regions and
dermatomes [7]. Since 1977, spinal epidural electrodes
have been implanted in more than 1300 patients at the
Department of Stereotaxy and Functional Neurosurgery
in Cologne for the treatment of chronic pain. Of these
patients, 80% suffered from lumbar pain with or without
pain radiating into the lower extremities (ischialgia).

SCS implantation is not indicated if there is a history
or clinical evidence of serious cognitive deficits, poor
compliance with treatments, addiction to alcohol or oth-
er drugs, suicidal tendencies or psychosis. On the other
hand, using detailed psychological testing, we were not
able to prove whether psychosocial factors such as so-
cial support, family status, religion, depression, attitude
towards the disease, coping, personality type, and over-
all satisfaction concerning work and private life have
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predictive value with respect to the efficacy of SCS.
Preoperatively, patients are asked to draw a “body
map’’, showing all body regions affected by pain and
to fill out a ““pain diary” for a few weeks before and
after implantation. In addition, patients undergo an MRI
study to exclude any surgically curable cause of pain
such as disk prolaps, spinal stenosis, etc. Based on our
experience, the best indication for SCS seems to be
long-standing severe leg pain.

Technical aspects

The first SCS system was implanted in 1967. Since
then, the technology has undergone significant develop-
ments, including advances and refinements in equipment
design, flexibility, reliability, and lifespan. At present,
several different companies manufacture a variety of
SCS systems (Fig. 1a). In certain types of stimulators,
a radio-frequency receiver is implanted and the power
source is carried externally with the aid of a belt. This
has the advantage that batteries can easily be re-charged
when getting empty but the disadvantage of cumbersome
external components. In systems where the power source
(battery) is implanted, there are no external components.
However, when the battery is empty, it must be replaced
by performing a small operation under local anaesthesia.

Concerning stimulating electrodes, there has been a
trend away from plate electrodes implanted under gen-
eral anaesthesia following laminectomy to small ring
electrodes that are implanted by minimally invasive
puncture under local anaesthesia [14]. Similar to most
surgeons [15, 19, 21, 23], we prefer a staged procedure.
The first stage includes implantation of the electrode and
testing with an external stimulator; after a successful
trial period of 7 days in our clinic, the second stage
involves the implantation of the generator.

SCS implantation: surgical aspects

Preoperatively before SCS implantation, a complete
blood count and urine analysis should be conducted on
an outpatient basis to exclude acute infections and clot-
ting disorders. Preoperative education of the patients and
their informed consent for the procedure should be car-
ried out by the implanting surgeon. Information should
cover all preoperative aspects, the implant procedure,
all potential risks associated with the surgery, the post-
operative management, possible postoperative pain or
discomfort, postoperative precautions, self-care respon-
sibilities, and follow-up care.
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Fig. 1. (a) Different types of SCS electrodes designed for implantation following either a laminectomy (left) or puncture (right). (b) Postoperative
X-ray of a patient with intractable lumboischialgia. The stimulator is attached to eight epidural electrodes located at L1 and Th11 via subcutaneous
wires and a connector. (c) Lateral X-ray of four cervial epidural SCS electrodes that were implanted transcutaneously and minimally invasively at

the level C3-C4

Puncture of the lumbar area and electrode implan-
tation is performed under local anaesthesia. A “loss of
resistance” after perforation of the ligamentum flavum
and the expected negative pressure may be helpful in
indicating the epidural space. The electrode is advanced

cranially under fluoroscopic guidance and connected to
an external stimulator. The exact position of the lead
should be adjusted so that under stimulation a comfort-
able paresthesia covers the whole painful area. When
the final electrode position is reached, we perform an-
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other x-ray to document this position for future ref-
erence (Fig. 1b and c). Thereafter, the percutaneous
extension wire is connected and sterile dressings are
applied. We perform an intensive trial period over the
following 5—7 days and the patient assesses the efficacy
of SCS stimulation on his/her particular pain syndrome.
About 20% of our patients did not respond satisfactorily
to SCS during this trial period (‘“‘non- responders’). In
such patients, permanent implantation is not indicated
and the electrode is removed. A permanent implantation
of pulse-generator may be performed in patients in
whom pain relief is at least 50% during the trial period.
We create a subcutaneous abdominal pocket for the
permanent implantation of the generator in the lateral
wall below the rib cage and above the belt line.

Side effects and complications

Since electrical stimulation is reversible and can be
adjusted by meticulous postoperative programming of
the device, the side effects of SCS did not represent a
significant problem in our patients. Technical complica-
tions were more common than medical ones. In the clin-
ical course of a patient, a change in the distribution of
induced paresthesias may indicate migration of the elec-
trode. In contrast to electrodes implanted after lamin-
ectomy, percutaneously implanted electrodes cannot be
fixed in place securely. Electrode dislocation, when it
occurs is most common in the first four weeks after
implantation. After this period, the tip of the electrode
is kept in place by connective tissue. Electrode migra-
tion or dislocation occurred in about 10% of patients in a
follow-up of 8 years.

Long-term results

Patients who experience a reduction of pain intensity
by at least 50% on the visual analogue scale (VAS) are
generally defined as ““responders”. In 64.4% of patients
with permanently implanted SCS systems, pain relief was
good/excellent (>50%, group I) (Fig. 2a—c). In 35.6%
of permanently implanted patients, pain relief was mod-
erate/poor (<50%, group II). The mean VAS in group I
was 9.6 preoperatively and 1.8 postoperatively in a
follow-up of five years. In Group II, the mean preopera-
tive VAS was 9.6; it was reduced to 3.0 during the first
six months and increased to 6.0 over the following three
years. All patients were treated with analgesics pre-
operatively. In Group I, we observed a significant drug
reduction. We did not observe a significant long-term
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Fig. 2. (a—c) Long-term effect of SCS therapy on pain (VAS), quality
of life and analgetic drug intake in patients with “failed back
syndrome” (FBS). Group I ‘‘responders”, pain relief >50%;
Group II non-responders pain relief <50%
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reduction of analgesic drugs in Group II. Concerning the
postoperative quality of life, in Group I we observed
significant improvement from a mean of 1.8 to 3.7 after
five years. Many patients were able to return to work.
In Group II, the positive effect on quality of life was
only temporary and ceased after six months. In general,
52% of all patients reported a significant long-term
improvement of pain as assessed by VAS and a signi-
ficant decrease on analgesic drug consumption due to
SCS (Fig. 2a and c).

SCS for intractable angina

Intractable angina is defined as coronary heart disease
of grade III-IV according to the Canadian Cardiovascu-
lar Society (CCS) classification with increasing symp-
toms under medical combination therapy [6]. On the
basis of the “gate control” theory, neurostimulation
may relieve angina by activation of myelinized sensory
fibers, thereby blocking the nociceptive activity of thin
and non-myelinated fibers in the dorsal horn. Another
effect of SCS in angina is the reduction of the sympa-
thetic tone. In 1998, Norrsell ef al. [13] found a signifi-
cant reduction of blood norepinephrine levels after SCS
(18% versus 47%). By 2002, more than 2000 patients
with intractable angina had been treated with SCS.
The technique of electrode and generator implantation
is similar to the one described above, except that the
target point for the electrode tip is at the level of T1-2.
Electrodes may vary in size. Larger electrodes and elec-
trode spacings can be used to cover several vertebral
segments and broaden the pattern of stimulation. To
qualify for SCS therapy, patients should present with
severe and stable angina pectoris, markedly reduced
quality of life, stenosis of the coronary arteries on cor-
onary angiography, pain refractory to optimal medical
treatment, no interventional possibility for revasculariza-
tion, and have a positive attitude regarding implantation.
The option of revascularisation should be excluded by
coronary angiography. Patients who have unstable an-
gina, valve defects or reduced compliance are not candi-
dates for SCS implantation. Cardiac pacemaker systems
may interfere with the SCS system and vice versa thus
excluding these patients as candidates for implantation.
In the last 24 patients who were implanted at the Depart-
ment of Stereotaxy and Functional Neurosurgery [4, 5],
after 12 months of therapy with SCS, nitrate medication
was reduced significantly from 5/day to 0.4/day on
average. Ergometric testing values increased signifi-
cantly from 65 to 94 watts on average. Distance of the
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standardized 6-minute walking test increased signifi-
cantly from 143 to 258 m after twelve months on aver-
age. No serious complications were observed in these
patients. The most common complication of the proce-
dure was electrode dislocation, which made operative
re-positioning necessary in four patients. It is important
to point out that although SCS reduces significantly the
pain in patients with angina, it does not suppress the
acute pain from cardiac infarction; therefore, it repre-
sents an important alternative when medical or interven-
tional therapies are no longer effective.
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Spinal cord stimulation for failed back surgery syndrome

and other disorders
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Department of Neurosurgery, Newcastle General Hospital, Regional Neurosciences Centre, Newcastle-Upon-Tyne, UK

Summary

Chronic pain is a complex condition that requires a multi-disciplinary
approach to management. Spinal cord stimulation (SCS) has evolved
into a relatively easily implemented, reversible technique with low
morbidity for the management of chronic, intractable pain in selected
patients. Percutaneous placement of electrode arrays, under local anaes-
thesia, supported by programmable, implanted electronics has been a
major technical advance.

Multicenter prospective studies were conducted and demonstrated that
SCS, as a neuromodulation procedure, is indeed a superior method for
treatment of chronic pain if the patients are selected with caution and a
proper strategy. Future development of innovative electrodes and pulse
generation systems will continue to improve this therapy.

Keywords: Spinal cord stimulation; SCS; trial; chronic pain; failed
back surgery syndrome; intractable angina; chronic regional pain syn-
drome; CRPS; neuropathic pain.

Introduction

Spinal cord stimulation (SCS) has been in clinical use
for the treatment of non-malignant chronic pain for over
30 years. Its mechanisms of action remain poorly un-
derstood, in spite of very detailed understanding of the
anatomy and physiology of the dorsal horn and of central
and peripheral pain pathways. A great deal has been
learned over the last three decades about the clinical appli-
cations of SCS in terms of indications for use and implan-
tation techniques, and huge technological advances have
been made in the hardware that is used. With appropriate
patient selection and well-positioned electrodes, pain con-
trol with SCS can be excellent and can lead to significant
improvement in quality of life for chronic pain patients.

History of spinal cord stimulation

Electrical stimulation has been used in various differ-
ent forms, and with varying degrees of success, by many

different cultures for the treatment of painful conditions
for thousands of years. Natural sources of electricity
such as the torpedo fish (named from the Latin ‘torpedo’
meaning ‘numbness’) were used to treat conditions as
diverse as gout and headache. The advent of the ability
to store and generate electricity in the 18™ century led to
the widespread, and somewhat indiscriminate, use of
electrical stimulation for painful conditions. Limited
success, and not infrequent disasters, resulted in the pro-
hibition of the technique at the beginning of the 20™
century, by which time advances in pharmacology were
changing the face of pain therapy.

In 1959, it was reported that paraesthesia produced by
electrical stimulation of major nerve trunks was asso-
ciated with anaesthesia and analgesia in the distribution
of the peripheral nerve [1]. This observation went large-
ly unnoticed until the publication of the Gate Theory in
1965 [20].

The Gate Theory provided the first real scientific basis
for the use of electrical stimulation for pain. It postu-
lated that the perception of pain could be modified by
input from larger diameter sensory fibres. The theory
was applied first to percutaneous stimulation of periph-
eral nerves [34] and implantable peripheral nerve stimu-
lators soon followed [31].

The American neurosurgeon Norman Shealy postu-
lated that applying stimulation directly to the dorsal
columns might be a more effective way to ‘close the
gate’ in the treatment of chronic pain. His suggestion
was received with a certain degree of scepticism at first,
but he persisted and implanted the first spinal cord stim-
ulator in 1967 [28]. Results were initially encouraging,
and this led, inevitably, to numerous stimulators being
implanted for various poorly defined indications, and
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therefore to poor overall results and a decline in interest
in the technique.

Fortunately the technology continued to advance. It
became clear that leads could be placed epidurally rather
than subdurally [7] and then the percutaneous technique
of insertion was developed [8, 11, 29, 35]. Improve-
ments in technology led to better results and fewer com-
plications, and spinal cord stimulation became more
widely accepted.

Modern spinal cord stimulators can be either com-
pletely internal or have both internal and external
components. With a completely internal system the bat-
tery-powered pulse generator is surgically implanted.
This has obvious advantages for the patient but does
necessitate re-operation to replace the battery every few
years. The other option has an external power source
which the patient needs to wear; such systems are used
less commonly than the fully implanted variety but may
be useful where very high demands are being made on
the power supply and an implanted battery would re-
quire changing too frequently.

Neuroanatomy and physiology

Different types of primary afferent fibres convey in-
formation about different sensory modalities. The large
diameter myelinated fibres are: Ia afferent fibres from
muscle spindles; Ib afferents from Golgi tendon organs;
IT afferents from secondary sensory endings. Smaller
diameter fibres are: A¢ fibres (myelinated) conveying
nociception and temperature; C fibres (unmyelinated)
conveying somatic and visceral information.

Nerve endings of the different primary afferent fibres
have characteristic distributions within the dorsal horn.
Cutaneous mechanoreceptor primary afferent terminals
are almost exclusively ventral to the border between
lamina II and lamina IIl. A¢ fibres terminate mostly
in lamina I and also in lamina II; collaterals from the
lamina I terminals extend down to lamina V — the site of
second order spinothalamic tract neuronal cell bodies.
Somatic C fibres input predominantly to the deep part
of lamina II and also to lamina I. Visceral C fibres ter-
minate much more diffusely in laminae I, I, V and X
and also contralaterally in laminae V and X. The diffuse
nature of visceral fibre termination is part of the anato-
mical basis for the poor localisation of visceral pain.

On entering the spinal cord, primary afferent fibres
may project over as many as five segments either side
of their point of entry. This is presumably why the to-
pographical distribution of paraesthesia resulting from
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spinal cord stimulation does not correspond well with
anatomical dermatomes [32].

The distribution of neurotransmitters within the dorsal
horn is also non-random. It is likely that different sen-
sory modalities use different combinations of neuro-
transmitters. This hypothesis has proven very difficult
to demonstrate but patterns are beginning to emerge.

The anatomical basis of the gate theory is the mod-
ulation of the nociceptive input to lamina V neurones
(second order spinothalamic tract) by large diameter my-
elinated fibres. Collaterals from dorsal column ‘touch’
fibres synapse with interneurones in lamina II, thereby
inhibiting spinothalamic neurones, probably by pre-
synaptic inhibition.

The larger the diameter of a fibre, the lower its activa-
tion threshold, therefore tactile and proprioception fibres
can be recruited selectively by electrical stimulation.
The maximum depth of stimulation is believed to be
about 0.25 mm [12]. The amplitude required for stimula-
tion of an individual fibre is inversely proportional to the
diameter of the fibre and its distance from the electrode.
This should mean that SCS is relatively selective for the
dorsal columns, however we have found that stimulation
can be effective even when the electrodes are positioned
below the level of L1, implying that large diameter fibres
in the cauda equina rootlets can also be affected by SCS.

Applications and patient selection

Failed back surgery syndrome is currently the com-
monest indication for SCS. Many studies have looked at
SCS for failed back surgery syndrome and most report
a success rate of about 70% [23]. A recent randomised
controlled trial by North et al. has shown SCS to be
superior to repeat surgery [22] for persistent or recurrent
radicular symptoms after lumbosacral spine surgery
(excluding patients with gross surgical pathology), and
is highly likely to obviate the need for any further sur-
gical intervention. A further randomised controlled trial
comparing SCS to best medical management for failed
back surgery syndrome is currently underway [16]. In
general it is more difficult to achieve good pain control
in the region of the lower back than in the extremities;
advances in lead design are leading to improved results
in this area. Dual leads have advantages in the treatment
of axial low back pain.

Other conditions that may respond to SCS include
angina pectoris, ischaemic and phantom limb pain, com-
plex regional pain syndrome (CRPS), spinal cord injury
and peripheral neuropathies and plexopathies. In gen-
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eral, neuropathic pain is likely to respond better than
nociceptive pain [2-5, 9, 10, 13, 17, 19, 21, 23, 24,
26, 27, 30].

The reported efficacy of SCS varies depending on the
condition being treated. There are few large series look-
ing at SCS for indications other than failed back surgery
syndrome. Sanchez-Ledesma et al. reported their results
for 24 patients who had undergone SCS for CRPS. Nine-
teen patients had successful trials and of those patients,
all reported at least 50% improvement and 89% reported
excellent pain relief in the long term [27]. Broseta et al.
[6] looked at SCS for post-amputation pain and found all
their patients obtaining good pain relief in the short term
and 73% maintaining good pain relief at long term fol-
low up.

Ischaemic pain, and particularly ischaemic rest pain,
is another primary indication for SCS. SCS has been
shown to improve peripheral blood flow [8], presumably
by suppressing sympathetic vasomotor control [14, 18].
SCS is therefore most effective where there is a revers-
ible element to the ischaemia, rather than in patients
where the principal problem is atherosclerotic disease.
Vasospastic diseases such as Raynaud’s and collagen
disorders respond well, as does pain associated with
diabetic arteriopathy. Improved peripheral blood flow
can improve ulceration associated with ischaemia, and
even improve chances of limb salvage [14].

SCS is indicated for the treatment of angina pectoris in
patients who are refractory to medical therapy and are
either not candidates for coronary revascularisation sur-
gery or who have relapsed after surgery. Unlike in the case
of peripheral vascular disease, SCS has not been shown
to improve coronary blood flow, and its exact mechanism
of action in treating angina pain is not understood.

A number of criteria need to be fulfilled before a
patient can be considered for spinal cord stimulation.
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The majority of patients are referred from pain clinics
and will have tried most other treatment options already.
Different units will have their own selection processes,
but the criteria published by Krames in 1996 [15] for
selecting patients for intraspinal opioids are very useful:

— more conservative therapies have been unsuccessful

— there is an observable pathology that fits with the
patient’s symptoms

— there are no other surgical options

— there is no concern regarding drug misuse by the
patient

— the psychological profile of the patient is appropriate

— there are no contraindications to implantation (e.g.
coagulopathy, intercurrent infection)

— the patient has undergone a successful trial of the
therapy

It is, of course, essential that coverage of the area of
the patient’s pain should be technically feasible. Pre-
vious Doral Root Entry Zone lesioning is a contraindi-
cation, as is spinal cord injury above the intended level
of stimulation.

Neurostimulation hardware

A spinal cord stimulator consists of one or more elec-
trode arrays positioned on the dura over the dorsal col-
umns. The leads are connected to the battery-powered
neurostimulator [also called an implantable pulse gen-
erator (IPG), or simply ‘battery’] by extension wires.
(NB the terms ‘lead’ and ‘electrode’ are often used inter-
changeably).

Leads can be implanted percutaneously, or surgically
by a small laminotomy. Percutaneous leads available cur-
rently are cylindrical. The contact array can have either
4 electrodes (quadripolar) or 8 electrodes (octapolar).

(o

Fig. 1. (a) IPG Synergy Plus (Medtronic). (b) Surgical plate electrodes (Medtronic). (c) Percutaneous electrodes (Medtronic). (Pictures reproduced

with kind permission of Medtronic, Minneapolis, MN, USA)
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Surgically implanted leads are flat ‘plate’ arrays and are
also either quadripolar or octapolar. Any combination of
electrodes can be employed to achieve the best possible
coverage for the patient, provided that at least one elec-
trode is positive and at least one is negative.

There are three basic parameters which the surgeon
can alter in order to optimise pain control: pulse width,
rate and amplitude. The pulse width is the duration of
each pulse of stimulation in microseconds. Widening the
pulse width will increase the area of tissue being stimu-
lated and strengthen the degree of paraesthesia experi-
enced by the patient. The rate is the frequency at which
the pulses are delivered and is measured in Hertz. Vary-
ing the amplitude alters the intensity of paraesthesia that
the patient experiences. Pulse width, amplitude and rate
should all be set at the lowest effective level in order to
maximise battery life.

IPGs can be programmed once implanted by using an
external ‘wand’. Patients are provided with a simple
device that can adjust the amplitude, pulse width and
rate, and turn the stimulator on and off.

Stimulation can be continuous or cycling. Having the
stimulator in cycling mode means that there are speci-
fied on and off times, e.g. 30s on and 30s off. The ad-
vantage of using cycling mode is that it can increase
battery life significantly. In general, continuous mode
is used initially so that the patient can get used to the
stimulator, and then cycling mode can be tried later on.

Operative technique

Stage one involves the implantation of the lead for the
trial period. The procedure is carried out under local
anaesthetic wherever possible in order to allow feedback
from the patient. This is usually not a problem with
a percutaneous technique, but general anaesthesia will
often be required for implanting surgical leads.

Prophylactic antibiotics should be given. The patient
lies prone on an X-ray table and the skin around the in-
sertion site is cleaned with surgical prep solution and
anaesthetised with local anaesthetic. The level of entry
is obviously dictated by the level of the patient’s pain,
e.g. for coverage of the back and lower limbs the tip of
the lead should lie at about T10 and therefore the entry
point on the skin will be about L3-L4. An incision is
made approximately 2cm lateral to the midline at the
desired level of insertion. A Tuohy needle is inserted
obliquely into the epidural space under fluoroscopic gui-
dance and then the lead is passed down the needle and
advanced under fluoroscopic guidance until the appro-
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priate level of the spinal cord is reached. For bilateral
symptoms one should aim to have the lead in the mid-
line. For unilateral symptoms the lead should lie slightly
towards the affected side. Steering the lead can some-
times be a little awkward, especially if there has been
previous surgery and there is epidural scarring. Manip-
ulation of the Tuohy needle, and sometimes putting a
slight bend in the lead itself, can help to achieve the
correct position.

Once an appropriate position has been achieved the
epidural lead is connected via an external lead to the
external stimulator and switched on. Different combina-
tions of electrodes, pulse widths, rates and amplitudes
can then be tried to find the optimum settings for the
patient. The position of the lead itself can be adjusted as
necessary. An X-ray should be taken recording the final
position of the epidural lead.

The epidural lead is connected to a temporary exten-
sion lead, which is tunnelled about 10 cm from the nee-
dle insertion site and externalised. The epidural lead is
anchored to the thoracolumbar fascia and the electrical
contacts are covered with a plastic ‘boot” which is
secured in place with a non-absorbable braided suture.
The patient is given instruction in the use of the external
stimulator to allow them to alter the stimulation settings
during the trial period.

The technique for implanting the surgical electrode
follows exactly the same principle as for the percu-
taneous lead. The procedure may be carried out under
local or general anaesthesia. The spine is exposed at the
appropriate level by standard technique, and then a small
laminotomy made to allow the electrode to be placed on
the dura under fluoroscopic guidance. The electrode is
secured and the external leads are then connected and
tunnelled in the same way as for the percutaneous lead.

Patients are assessed at the end of the trial to deter-
mine whether pain relief is sufficient to justify proceed-
ing to implant a permanent neurostimulator. In our unit
patients are reviewed at one week, and if the stimulator
is obviously beneficial the trial is terminated; where the
benefits are less certain the trial period is extended to
two weeks. Criteria differ from unit to unit as to which
patients should undergo implantation but generally one
would look for a minimum of a 50% reduction in re-
ported level of pain. The wires that have been externa-
lised should be pulled taut and cut flush with the skin, so
that the cut ends retract below the skin surface. The
whole system is then left for a minimum of four to six
weeks to allow it to sterilise, in order to minimise the
risk of infection when the permanent device is implanted.
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Stage two involves implanting permanent extension
leads and the IPG. Implantable pulse generators current-
ly available are about 7 x5 x2cm, depending on the
model. The IPG will be visible under the skin in thin to
average patients and it is important to discuss the site of
implantation with the patient beforehand. It is especially
important to ensure that the device will not be in a site
where it may rub against the arm of a wheelchair or
against a belt. The most common sites for IPG implanta-
tion are the anterior abdominal wall and the buttock. IPG
implantation can be carried out under general anaes-
thetic, as there is no requirement to test the system dur-
ing the procedure. The paraspinal incision is re-opened
and the temporary extension leads changed to permanent
leads of a length appropriate to the intended site of im-
plantation of the IPG. A subcutaneous pocket is fash-
ioned for the IPG and the extension leads are tunnelled
to the pocket and connected. The incisions are closed in
a standard fashion.

Changing the IPG when the battery runs out is
straightforward. The extension leads do not require re-
placing so it is usually possible to do the procedure un-
der local anaesthetic, with prophylactic antibiotic cover.

As technology improves the dimensions of the IPGs
will hopefully reduce, making the device more comfor-
table for the patient. Unfortunately, increasing complex-
ity of the electrode arrays themselves has resulted in the
need for greater power from the battery, thereby making
reduction in IPG size even more of a challenge!

IPGs that can be recharged in vivo have recently
become available, with the obvious advantage that bat-
tery life is considerably longer (expected to be at least
9 years in the average patient). Rechargeable IPGs are
significantly more expensive than non-rechargeable ones,
however the increased life span may justify the extra
cost in the long term.

Complications

The overall risk of complications with spinal cord
stimulation is low. Problems can be associated with
insertion technique, the components used and with the
stimulation itself.

As with any implant, the most important complication
is infection. The reported rate of infection is about 5%
[33]. Minor infections can be managed with antibiotic
therapy but more serious infection can necessitate re-
moval of the device. Fortunately, infection involving
the epidural component is extremely rare, and it is usu-
ally sufficient to remove only the IPG and extension lead.

Other complications associated with insertion are rare
and include cerebrospinal fluid leak, epidural haema-
toma, and injury to the spinal cord or nerve roots.

Component failure is also uncommon. Perhaps the
most frequent problem with the epidural leads is migra-
tion (although this has become less common with mod-
ern equipment); this may necessitate repositioning, or
even changing to a plate electrode, which can be secured
to the dura. Movement of the electrodes may result in
alteration in the area of stimulation. One patient in our
series who had a lead implanted in the thoracic spine
found that the distribution of stimulation moved from
one side of the body to the other when walking. In such
cases it is worth trying surgically implanted plate elec-
trodes, as they can be anchored to the dura and are
therefore less prone to migration. Actual component
failure used to be a not infrequent occurrence but is rare
with modern devices.

Changes in stimulation associated with changes in
posture can be a problem for some patients. This does
not arise from migration of the lead, but is due to the
alteration in the distance of the lead form the spinal cord
due to CSF displacement during movement. Alteration
of stimulation parameters, and especially the ability of
the patient to adjust the stimulator settings, can help to
minimise this problem.

Efficacy

The majority of patients who undergo a successful
trial and go on to implantation continue to benefit from
SCS in the long term. It is rare in our experience for
patients to discontinue using the device, and only a very
small number of patients request removal of the device.
Reported rates of technique failure vary considerably.
Where it is necessary to remove the stimulator we would
tend to remove only the IPG, leaving the extension leads
and epidural component in situ.

There are four main reasons why SCS may fail: pro-
gression of the condition, development of tolerance to
the stimulation, component failure and pain at the site of
implantation [25]. Progression of the disease may result
in pain in areas not covered by the simulation. Alteration
of the settings can compensate for this to some extent
but it may be necessary to reposition the electrode. Pain
at the implantation site may necessitate moving the IPG.

Newcastle General Hospital series

The first SCS trial in our unit was carried out in 1993
and a total of one hundred and twenty patients (seventy-
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one male and forty-nine female) have undergone the
procedure to date. The average age at surgery was 51.5
years, with a range from twenty-four to seventy-four
years. The commonest indication has been failed back
surgery syndrome, which accounts for 45% of the total
number of trials. Other indications were intractable an-
gina pectoris (17.5%), peripheral vascular disease and
Raynaud’s syndrome (5%), complex regional pain syn-
drome (7.5%) and other types of neuropathic pain (25%).
Patient follow-up is at a nurse-led pain clinic as well as
the surgical outpatient clinic. The trial period is usually
one week, extended to two weeks where there is any
debate as to efficacy. Following implantation, regular
follow-up allows adjustments to be made to the various
parameters as necessary. Ninety-six patients (80%) re-
ported reduction in pain of at least 50% during the trial
period (based on the visual analogue pain score), as well
as significant improvement in function. All patients
reporting a 50% or greater reduction in pain went on
to have implantation of the pulse generator (done under
general anaesthesia). Complications have been few, with
one abdominal wound haematoma (managed conserva-
tively), one wound infection (managed with antibiotic
therapy alone), four cases of electrode migration, three
cases with lead failure and two cases with stimulation-
related complications (uncomfortable paraesthesiae or
increase in pain). We have also re-sited one IPG because
of discomfort.

Future developments in spinal cord stimulation

At the time of writing, the principal indication for SCS
is failed back surgery syndrome. There are few random-
ised controlled studies in the literature, making it difficult
to be certain of the place of SCS in the treatment of other
types of chronic pain. Advances in technology should
allow better coverage, smaller IPGs, fewer problems with
lead migration and malfunction, and longer battery life.

The cost of SCS is a significant factor in limiting its
use at present. When considering this, it is important to
take into account that successful SCS treatment should
obviate the need for further surgical procedures. Fixation
systems for spinal stabilisation in failed back surgery
syndrome, and the theatre and in-patient time associated
with their use, are far from inexpensive! Successful
treatment of chronic pain should also result in significant
functional improvement for the patient, including the
possibility of return to work. When the cost is calculated
over the life span of the stimulator, SCS is in fact less
expensive than other treatments for chronic pain.

C. L. Nicholson et al.
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Spinal cord stimulation for the treatment of chronic non-malignant pain
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Summary

Over the past four decades, techniques and devices for spinal cord
stimulation have undergone considerable refinement. Currently, percu-
taneous implantable electrodes are placed in the epidural space and a
low-frequency electrical current is used to modify the transmission of
chronic pain signals in the dorsal columns of the spinal cord.

Before permanent implantation, the spinal cord stimulation will be
examined during a test phase to determine its analgesic effect and
tolerability.

We have reviewed our experience in 88 patients with chronic non-
malignant pain. The follow-up of our study ranged from 15 to 75 months,
with an average of 60 months.

The indication for SCS in these 88 patients was mainly neuropathic
pain syndromes.

The patients were followed up by the Visual Analog Scale (VAS), level
of activity and subjective assessment of the quality of life. On the basis of
the patients’ self-assessments using the VAS, the degree of pain relief was
excellent/good in 72 of 88 patients (82%). At the end of the follow-up pe-
riod, 50% of the patients were in a better psychological status and 86% of
the patients reported an improvement in activities of their daily living and a
reduction in the use of analgesic medication. Ninety percent of the patients
stated that they would go through the procedure again for the same result.

The findings of the present study indicate that spinal cord stimulation
is an efficacious therapy for the treatment of chronic non-malignant pain.

Keywords: Neuromodulation; spinal cord stimulation; SCS; non-
malignant pain; chronic pain.

Introduction

In the treatment of chronic non-malignant pain, the
first step is to verify that all anatomical causes that could
be responsible for the pain were eliminated, corrected or
repaired. If any possible anatomical correction was done
and all available medical treatments according to the
WHO-scheme and all physical therapies were tried with-
out success, then spinal cord stimulation (SCS) can be
considered. Treatment strategies for chronic non-malig-
nant pain should follow the principle that less invasive
and less costly interventions have to be preferred over
invasive and costly treatments.

In 1967, direct electrical spinal cord stimulation was
performed for the first time [19, 20]. Shealy used a sin-
gle electrode placed in the subdural space. Earlier spinal
stimulation electrodes required laminectomy or laminoto-
my for implantation under direct vision. In 1975, elec-
trodes were implanted percutaneously. Almost all users
now prefer percutaneous electrodes. One reason for this
is that laminotomy is more traumatic and that the correct
position of the electrode is determined by intraopera-
tive stimulation in the wakeful patient during implanta-
tion under local anesthesia [7]. Currently percutaneously
implantable electrodes are placed in the epidural space,
and low-frequency electrical current is used to modify
the transmission of chronic pain signals in the dorsal col-
umns of the spinal cord.

In 1977, we reported the first application and results
using this method [10].

Spinal cord stimulation evolved as a direct clinical ap-
plication of the gate control theory, which was proposed by
Melzack and Wall in 1965 [14]. The gate theory postulates
a gate in the dorsal horn of the spinal cord that could be
closed by activation of large afferent fibers or by activation
of inhibitory pathways. SCS was thought to be effective
in closing this gate. The exact mechanism of SCS is still
unknown. Lately, experimental studies have shown that
neuronal transmitters are involved in this mechanism and
influence closing of the gate [3, 23].

Before definitive implantation of the SCS system, all
patients undergo psychological screening and trial stim-
ulation by temporary electrode placement.

After implantation of the electrodes, the trial leads are
externalized and connected to the trial stimulator. The
trial period ranges from 3 days to 3 weeks. Criteria for a
successful trial include at least pain relief of 50%, re-
duced consumption of pain medications and increased
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activities of daily living. The test pulse generator can be
activated or deactivated by the patient, allowing the pa-
tient to become familiar with the basic control of am-
plitude and the sensation of paresthesia. The sensation of
paresthesia should correspond with the area of pain.
Throughout the test phase, a pain diary should be kept,
in which pain intensity is recorded at least 3 times per
day according to the Visual Analog Scale (VAS).

When a pain reduction measuring at least 50% ac-
cording to the VAS is documented, the indication for
a definitive implantation of the pulse generator is con-
firmed (Fig. 1).

Fig. 1. Implanted pulse generator and electrodes positioned at level
L1/L2
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In the literature as well as according to our own ex-
perience, this temporary percutaneous trial is effective in
approximately 90% of patients [11, 17, 21].

Equipment and configurations

SCS systems typically consist of three components
designed to work together: leads, generator or receiver,
and programmer or transmitter.

Leads

Leads are very thin wires or cables. One end of the
lead is connected to the implanted generator or receiver,
and the other is placed near the dorsal column that is
going to be stimulated. The end of the lead that is posi-
tioned at the dorsal column has metal electrodes that can
deliver mild electrical impulses. Leads can vary in type
according to the implantation procedure (percutaneous
or surgical), number of electrodes [4, 8 or 16], electrode
shape, configuration, spacing and length (Fig. 2). Per-
cutaneous leads can be implanted through a needle
without surgical incision in a fluoroscopic room. The
disadvantages of percutaneous leads include a) the risk
of position changing, and b) the fact that their cylindrical
electrode shape makes them less energy efficient. The
advantages of surgical leads, also called paddle-leads,
are: a) a decreased risk of position changes, and b) the
fact that their flat shape makes them more energy effi-
cient. However, they require a laminectomy or laminoto-
my surgical procedure. Percutaneous leads are always
used for test stimulation, whereas for permanent implan-
tation either percutaneous or surgical leads can be used.

The commercial lead has 4-16 electrodes. The num-
ber of electrodes used depends on the condition to be
treated as well as the physician’s preference. Patients

Fig. 2. Spinal cord stimulation electrodes are usually placed percutaneously through a Tuohy needle (/-3), paddle-leads require laminectomy or

laminotomy (4-8)
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with complex pain patterns, with more than one area
involved or with bilateral pain in both extremities, need
complex electrode configurations and implantation of
larger paddle-leads. In fact, many physicians prefer to
implant additional electrodes, in case the pain pattern
changes or the lead migrates. If a change or migration
occurs and additional electrodes are available, pain relief
can be re-established by electronically repositioning the
stimulating electrodes.

Power source

Three types of SCS systems are available for spinal
cord stimulation: conventional implantable pulse genera-
tors, rechargeable implantable pulse generators, and radio
frequency systems. Each of these systems uses a different
power source to transmit electrical energy to the elec-
trodes. The conventional implantable pulse generator is
powered by a battery. The pulse generator itself consists
of the battery and electronics that are housed in a single
metal container, which is completely implanted under
the skin. When its battery runs out, the pulse generator
must be surgically replaced. The rechargeable implanta-
ble pulse generator has to be changed and replaced sur-
gically too, but the batteries are rechargeable. The radio
frequency system is a telemetric system. A receiver is im-
planted under the skin and the transmitter is placed exter-
nally on a belt. In this system no battery is used and
energy is telemetrically transmitted from outside (Fig. 3).

Fig. 3. Telemetric SCS system with electrodes, the receiver im-
planted under the skin, the transmitter placed externally on a belt and
programmer
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Programmer or transmitter

Programmer or transmitter is a device used to program
the SCS system and adjusts the intensity of the stimu-
lation. Programs include various electrical settings (am-
plitude, frequency, pulse width, and polarity) transmitted
to each electrode on the lead. The external programmer
or transmitter allows creating as many programs as the
patient feels necessary to control his/her particular pain
pattern. Programs can be changed and stimulation can be
regulated up or down by remote control.

Indications for SCS

A specific diagnosis should be established as an ob-
jective basis for further treatment of pain. There should be
neither abnormalities on diagnostic imaging exams nor
objective physical /neurological findings consistent with
the patients’ pattern of pain. Spinal cord stimulation
should be undertaken as late or last resort after alterna-
tive treatments have been exhausted. For failed back
surgery syndrome, other surgical options should be con-
sidered although conventional re-operations in many
cases carry a greater risk. Multidisciplinary evaluation
of the patient is important, particularly psychological
evaluation. Relief of pain should be demonstrated by
placement of a temporary electrode and trial stimulation
before a permanent pulse generator is implanted. During
this phase it should be ascertained that the pain area is
overlapped by paresthesias as induced by the stimulation
system [12, 16].

Over the last four decades, the following conditions
have been treated successfully with implanted spinal
cord stimulators:

1. The most common indication for spinal cord stimula-
tion is failed back surgery syndrome. These patients
commonly have axial low back pain associated with
pain in the lower extremities [2, 4, 9, 15, 22, 25].

In many cases, axial low back pain may be noci-
ceptive or mechanical, and this kind of pain does not
respond as well to SCS as neuropathic or deafferen-
tation pain [24]. Patients with unilateral lower extrem-
ity pain are more easily treated than those with
bilateral pain.

2. In recent years, ischemic pain associated with periph-
eral vascular disease in the lower extremities has
become the most common indication for application
of spinal cord stimulation [8, 18].

3. Peripheral nerve injury, neuropathia or neuralgia,
causalgia, and reflex sympathetic dystrophy also
respond to spinal cord stimulation [6].
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4. Postamputation pain syndromes including phantom
limb and stump pain in most cases respond to spinal
cord stimulation [21].

5. Further applications of spinal cord stimulation for
pain include management of spinal cord injury,
angina pectoris and management of intractable pain
associated with severe spasticity of the lower extrem-
ity [5, 13]. In this clinical condition, a combination
therapy including SCS and intrathecal drug delivery
may be necessary [3].

In general, results are much better in patients with a
more peripheral distribution of pain. Unilateral pain in
the extremities will very well respond to stimulation. It
is possible to treat pain in both extremities with the aid
of dual systems and by multiple electrodes.

Clinic material and methods

In the last 7 years, from January 1999 to 2005, 145
patients were treated with an SCS system for chronic
non-malignant pain in our clinic. Our retrospective anal-
ysis is based on data derived from 88 patients with
chronic non-malignant pain. Follow-up in our study
ranged from 15 to 75 months, with a mean of 60 months.
Mean age was 45 years with 55% of the group being
male. The main duration of pain history was 8 years.

Indications in these 88 patients were mainly neuro-
pathic pain syndromes, like postdiscotomy syndrome
(33 patients), posttraumatic pain (23 patients), reflex
sympatatic dystrophy (10 patients), phantom limb pain
(7 patients), stump pain (6 patients), low back pain (3
patients), posttraumatic intercostal neuralgia and poly-
neuropathia (4 patients). All patients underwent tempo-
rary trial of SCS. These 88 patients fulfilled the criteria
of implantation of a permanent SCS system.

Patients were evaluated according to the Visual Ana-
log Scale (VAS), level of activity and subjective assess-
ment of the quality of life. Pain relief was rated good if
pain reduction was at least more than 50% and excellent
if pain reduction was over 70%.

The implantation of SCS was performed under local
anesthesia to allow the patient and the surgeon to com-
municate during the perioperative test stimulation.

Patients were in a prone or in a sitting position on a
radiolucent table. The percutaneous electrodes with 4 or
8 stimulation contacts were placed percutaneously in
the epidural space through a Tuohy needle under fluoro-
scopic control at the appropriate level, as determined by
patient paresthesia. Paresthesias induced by the stimula-
tor should correspond to the area of pain.
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Fig. 4. Percutaneously implanted octopolar lead at levels Th 7, Th 8
and Th 9 in a patient with low back pain and radiculopathy

When the tip of the electrode is in correct position, the
lead is fixed and connected externally to a pulse gen-
erator. Patients with low back pain for instance have
typical electrode positions at level Th 9 and Th 10 inter-
vertebral disc spaces (Fig. 4). When the first lead has
been tested, the second lead may be placed parallel in
the radiological midline of the spine. The trial leads
are externalized through a subcutaneous tunnel and con-
nected to the trial stimulator. The parameters of the stim-
ulation signal are: amplitude 3-10mA, frequency
30/80Hz, pulse width 60-450 psec.

Before permanent implantation, efficacy of the spinal
cord stimulation was evaluated during the test phase to
determine its analgesic effect and tolerability. The test
pulse generator could be activated or deactivated by
the patient allowing the patient to become familiar with
the basic control of the amplitude and the sensation
of paresthesia. The patient was discharged the day after
implantation under oral antibiotics. Throughout the
test-phase, between 10 and 21 days, a pain diary was
kept, in which pain intensity was recorded at least 3
times daily according to the VAS. When pain reduction
of at least 50% according to the VAS was reached, the
indication for definitive implantation of the pulse gen-
erator was confirmed. The pulse generator then was
generally placed in a subcutaneous pocket in the upper
abdominal wall.
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Clinical results

Self-assessment of these 88 patients provided the fol-
lowing results (mean follow-up 60 months). Preopera-
tively all patients had shown a VAS score over 6. Based
on the patients’ self-assessment using the VAS, the de-
gree of pain relief at last follow-up was rated excellent
in 32 patients (36%), good in 40 (45%), and moderate or
poor in 16 (19%).

Prior to treatment, 82 of the 88 patients had described
themselves as being not energetic or withdrawn and had
social problems due to intense pain. At the end of fol-
low-up, only 35 of the 88 patients still considered them-
selves as being passive or withdrawn, which means 40%
compared to 92%.

Seventy-six of 88 patients (86%) reported an improve-
ment in activities of daily living and a reduction in the
use of analgesic medication. Seventy-nine of 88 patients
(90%) stated that they would go through the procedure
again for the same result.

In our series, there was no major morbidity with re-
gard to spinal cord stimulation. The overall rate of wound
infections was 6%. All wounds healed promptly after
removal of the leads of the pulse generator and a short
course of antibiotics, thus allowing a second implanta-
tion. The only technical problems we encountered were
dislocation of the electrodes or the pulse generator in
very few cases. In all patients, these problems were cor-
rected surgically.

Conclusions

Over the past 4 decades, techniques and devices for
spinal cord stimulation have undergone considerable re-
finement. The earliest devices required a laminectomy or
laminotomy for placing an intraspinal monopolar of
bipolar electrode. With increasing experience and recog-
nition of the importance of proper electrode placement,
percutaneous methods were being developed for inser-
tion of temporary trial screening electrodes. Very soon,
these evolved into percutaneous methods for the implan-
tation of permanent electrodes. Correct placement of the
stimulation electrode in the dorsal epidural space is of
critical importance for the success of the procedure as
can be proved by test stimulation. In our series, after
trial, 90% of patients received permanent implants.

Implantation of the temporary trial electrodes should
be performed under local anaesthesia; this allows the
patient and the surgeon to communicate. Paresthesias
induced by the stimulator should correspond to the area
of pain, if the tip of the electrode is in correct position.
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Success of SCS is also dependent on the selection of
patients, which should be based on extensive interdis-
ciplinary examinations including psychological eval-
uation and after extensive use of more conventional
therapies.

The results of the present study indicate that spinal
cord stimulation is an efficacious, comfortable and safe
therapy for the treatment of non-malignant, particularly
neuropathic pain syndromes. Moreover, SCS is a cost
effective treatment given that it improves the quality
of life and employment prospects, allowing a relatively
high rate of return to work [1, 8, 17].
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Summary

Patients with chronic back and leg pain (CBLP) suffer from a dis-
abling spinal condition of multifactorial origin and are often resistant to
medical therapy. Spinal cord stimulation (SCS) is a minimally invasive
option for treatment of chronic pain in these patients, which involves
placement of epidural electrodes close to the midline of the spinal cord.
SCS was originally introduced and used for decades with a single
electrode. The development of fully implantable dual channel pulse gen-
erators connected to dual multicontact electrodes has given pain cli-
nicians a more versatile tool to treat axial low back pain accompanied by
radicular neuropathic pain with irregular and asymmetric distribution, a
feature which is found in most CBLP patients. It has been hypothesized
that using dual electrodes may improve long term outcome for CBLP
patients compared with single electrodes. Current evidence however
does not lend strong support to this assumption. Given the high cost of
treatments for CBLP and of SCS itself, there is an urgent need for high-
quality evidence for the effectiveness of dual electrode SCS in relieving
pain and/or improving function in patients with CBLP.

Keywords: Chronic back and leg pain; CBLP; spinal cord stimulation.

Introduction

Chronic pain of benign origin is a widespread but
underestimated cause of physical and emotional distress
to individuals and financial losses to society. One of the
modalities available since the 1960s for treatment of
chronic pain refractory to medical and physical therapy
is spinal cord stimulation (SCS), a minimally invasive
surgical method where weak pulses of electricity are
applied in a controlled fashion close to the dorsal surface
of the spinal cord [9, 24]. The mode of action of SCS is
based on the gate-control theory [10]. After initial delay
due to insufficiently advanced technology and less suit-
able indications, the method of SCS has achieved wide-
spread clinical acceptance and recognition the last two
decades [1, 2]. The introduction of routine single per-
cutaneous electrode implantation in the early 1990s

made possible the minimally invasive trial stimulation,
which is now thought to be an indispensable step in the
selection of patients with maximum benefit from SCS
[7, 15, 22].

SCS has become a viable therapeutic option for pa-
tients suffering from chronic benign pain resistant to any
other standard treatment. The sympatholytic effect of SCS
is the most obvious of its therapeutic properties [14, 23].
It seems that SCS abolishes continuous and evoked pain
(in particular allodynia), while acute nociceptive pain
such as wound pain, arthritis or ischaemic heart pain is
unaffected. The precise mechanisms of action of SCS
are however still insufficiently understood [7].

Patients with chronic back and leg pain (CBLP) suf-
fer from a disabling spinal condition of multifactorial
origin and are mostly resistant to medical pain therapy
[3, 16, 18]. The term CBLP describes a heterogeneous
pool of presumably different pathogenetic mechanisms
leading to a common set of symptoms. CBLP patients have
long clinical histories and require systematic follow-up
because the severity of their condition may vary con-
siderably over time. SCS with a single multipolar elec-
trode has shown efficacy in CBLP patients, however it
emerged in some cohorts that the radicular neuropathic
component of CBLP may be better influenced by SCS
than the axial low back pain (nociceptive pain) compo-
nent [7, 13, 23]. Many clinicians use SCS to treat pre-
dominantly radicular rather than axial low back pain
because of the technical difficulty in achieving coverage
by paresthesia of axial low back pain with single elec-
trode SCS systems [1].

The development of fully implantable dual channel
pulse generators connected to dual multicontact elec-
trodes has allowed pain clinicians to treat axial low back
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pain accompanied by radicular neuropathic pain with
irregular and asymmetric distribution, which is found
in most CBLP patients. It has been hypothesized that
using dual electrodes and increasing the number of con-
tacts may improve outcome for CBLP patients [11, 13].
There is an urgent and largely unmet need for high-
quality evidence regarding the effectiveness of SCS in
relieving pain and improving function.

This review summarizes the personal experience of
the authors and reviews the available evidence for effi-
cacy of dual electrode SCS systems in CBLP treatment.

Chronic back and leg pain (CBLP) syndrome

The so-called failed back surgery syndrome (FBSS) is
common throughout the Western world and especially in
the United States because of the high numbers of surgi-
cal procedures for low back and leg pain [4]. Treatments
for this heterogeneous pain condition are varied, most-
ly unproven by evidence, and often rather costly [18].
CBLP is often used synonymously with FBSS, although
unlike FBSS, CBLP may arise without prior surgery.
CBLP represents a complex chronic pain syndrome
usually defined by its anatomical localization in the
lumbar spine and lower extremities. It is of multifac-
torial genesis and may be the consequence of various
lumbar spinal diseases, including arachnoiditis, degen-
erative disc disease, epidural fibrosis, lumbar disc her-
niation, osteoporosis, or spinal canal stenosis [16]. Pain
patterns in CBLP may include neuropathic compo-
nents, but the main feature is usually nociceptive pain.
Although degenerative or postsurgical disc pathology is
thought to be a common cause of CBLP, the relation-
ship between the extent of disc damage and the degree
of clinical symptoms is not clear. A strictly mechanical
or anatomical explanation for CBLP has proved inade-
quate [21]. Transition from acute to chronic low back
and leg pain is further influenced by psychological and
social factors [3, 17].

Rationale for dual electrode spinal cord
stimulation for CBLP

Despite the scarcity of published evidence, it seems
universally accepted that SCS is clinically beneficial in
patients with radicular neuropathic pain [1, 7, 14]. Most
patients with CBLP however have a mixed pain pattern
with neuropathic and nociceptive components and, in
addition to the axial low back pain, scattered painful
dermatomes over both buttocks and legs. It has been
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generally accepted that a single percutaneous electrode
with 4 contacts cannot sufficiently cover pain in the mid-
line and in bilateral dermatomes and therefore paresthe-
sia, which is seen as the best prognostic indicator for
pain relief by SCS, cannot be distributed evenly to cover
all painful areas in the axial and lateral areas of the body
[5, 13]. Dual electrode systems with 4 or 8 contacts each
have been developed with the notion that two elec-
trodes can be positioned close to the midline on each
side, and that extended contact coverage in the lateral
and cephalad-caudad planes will allow for generation of
paresthesia in every necessary dermatome [20]. Separate
programming of each electrode and of each contact has
resulted in an almost unlimited numbers of combinations
of the contacts on each electrode and between the pairs,
which in turn demonstrated the necessity of some kind
of computerized algorithm for selection of the most ef-
ficacious combinations [15].

Evidence for efficacy of SCS for CBLP

Single electrode SCS

An early systematic review of SCS for CBLP found
the methodological quality of the then existing literature
to be poor [24]. The lack of randomized trials precluded
conclusions regarding the effectiveness of SCS relative
to other treatments, placebo, or no treatment at all.
Turner et al. have recently published an updated review
to include data from new studies [25]. The authors con-
cluded that still more methodologically robust studies
are needed to establish the effectiveness of SCS, al-
though a few randomized controlled trials (RCT) were
carried out in the last decade.

Mailis-Gagnon et al. conducted the first systematic
Cochrane review of SCS for chronic benign pain [9].
Only one RCT fulfilled the inclusion criteria of the
review and the authors concluded that currently there is
insufficient evidence to determine the benefits and ad-
verse effects of SCS [13]. In the RCT included in the
Cochrane review, North et al. investigated SCS for lum-
bosacral radicular pain [14]. The authors reported that
after 6 months therapy 17% (2/12) of SCS patients
requested cross-over to back surgery in comparison to
67% (10/15) of the control group undergone surgery
who sought cross-over to SCS. Another more recent
RCT from the same group proved that in patients with
persistent radicular pain SCS is significantly more effec-
tive than reoperation and in the great majority of patients
obviates the need for reoperation [12].
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In the virtual absence of RCT evidence, it is worth
noting some lower class evidence from other studies. In
a large prospective multicenter study, only 70 of 182
CBLP patients who received a permanent SCS implant
(single percutaneous electrode or surgical plate electrode)
completed the follow-up [2]. One-year follow-up data
showed statistically significant improvement in mea-
sures of pain and quality of life, but not in medication
use or work status. Dario et al. reported a study of SCS
in CBLP. Twenty patients responded to medical treat-
ment (medical group), 23 patients did not respond to
medical treatment and received permanent SCS implants.
Mean follow-up was 42 months. In terms of mean values
for leg and back pain and for disability, the medical
treatment group improved significantly more than the
SCS group [5]. Kumar et al. treated 60 CBLP patients
with permanently implanted SCS systems, 44 further
cases failed trial SCS and were treated medically. At
5 year follow up, the SCS group improved by 27%
and non-SCS group improved by 12% on disability mea-
sure, and 15% of the SCS group and none of the non-
SCS group returned to work. However patient selection
in this study may be biased by the non-random character
of groups [8].

Dual electrode SCS

Devulder et al. used a device consisting of two multi-
contact electrodes connected to a radiofrequency-coupled
system (Mattrix®, Medronic, Inc., Minneapolis, MN,
USA) to treat two patients with CBLP. The authors stat-
ed that dual channel stimulation helped steering better
stimulation paresthesias. They claimed that better distri-
bution of stimulation-induced paresthesias was achieved
in the back and the legs, however the case reports allowed
for descriptive evidence only [6].

North et al. published a prospective controlled clini-
cal trial comparing single and dual percutaneous elec-
trodes in the treatment of axial low back pain. The
authors hypothesized that placing two parallel electrodes
would improve outcome. Twenty patients who passed
screening with single percutaneous electrodes received
permanent dual electrodes at the same vertebral levels.
Patients acted as their own controls in evaluating the ef-
fects of single versus dual electrodes. The authors found
that single electrodes provided significant advantages
(p<0.01) in pain coverage by paresthesias compared
with the same electrodes implanted as a pair. Amplitude
requirements were significantly lower for the single elec-
trode than for either dual electrode. A total of 53% of
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patients with dual electrodes nevertheless met the crite-
ria for long-term clinical success. The authors concluded
that there are some disadvantages for dual electrodes in
treating axial low back pain [13].

Rutten et al. examined the effects of dual electrodes
(8 contacts each) in patients with postsurgical CBLP.
Thirty-four patients received permanent implants. Dual
electrode systems were implanted in 23 patients and
single electrode systems in 11 patients. Follow-up was
24 months. The authors reported paresthetic coverage
of painful areas in all patients, which remained con-
stant over the whole follow-up period. All measurement
scales confirmed reduction of pain and improved quality
of life as a result of SCS, irrespective of the number of
electrodes. No further comparisons were however re-
ported between the dual electrode and single electrode
groups [20].

Personal experience with dual electrode
SCS systems

The authors have used dual electrode/dual channel
SCS systems in their clinical practice since 1997.
Various hardware configurations and systems (ANS, Inc.;
Medtronic, Inc.) were used in combination with per-
cutaneous dual electrodes with 4 or 8 contacts each.
Initially, a radiofrequency-coupled dual channel system
(Mattrix®, Medtronic, Inc.) was used with standard
4-contact electrodes (Pisces Quad®, Medtronic, Inc.) to
treat patients with CBLP who had bilateral leg pain
combined with axial low back pain. We found that dual
electrode stimulation using the Single Stim™ technol-
ogy (same amplitude and pulse width on both electrodes
with at least one cathode and one anode on either elec-
trode) significantly increased the ability of the SCS
system to cover painful areas with precisely placed stim-
ulation-induced paresthesias. Placement of the elec-
trodes was parallel to each other on both sides of the
physiological (not anatomical) midline and covering the
same vertebral segments in the cephalad-caudad direc-
tion. With this system we were able to achieve better
paresthesia coverage in the back and at the same time in
various dermatomes in both legs, however the radiofre-
quency system with external pulse generator was incon-
venient for the patients and a few became allergic to the
material of the antenna.

With the advent of fully implantable dual channel
pulse generators (Synergy®™, Medtronic, Inc.) we started
using those instead of the radiofrequency systems for the
same indications. Additional programming capability of
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the software (DualStim™ mode with different amplitudes
and pulse widths on both electrodes) allowed for further
increase in the possible contact combinations and for the
usage of dual electrodes placed close to the midline with
their contacts covering two spinal segments instead of
one. This we found helpful when there were thoracic and
sacral dermatomes affected at the same time. In general,
our clinical practice has shown that the cathodes (—) on
each electrode should be localized ipsilateral or median
to the painful sides, proximal to the most proximal pain
dermatomes, and flanked by two anodes (guarded cath-
ode). After more than 20 CBLP patients implanted with
dual electrode systems, our experience confirms that
dual electrodes actually shorten the duration of the test
implantation procedure because their greater paresthetic
coverage is more forgiving and only calls for approxi-
mate intraoperative placement. This in turn considerably
shortens intraoperative test times and reduces the need
of X-ray fluorography in the operating theatre, compared
to single electrodes. Further advantages of the dual elec-
trode system are significantly better ability to cover ir-
regular pain patterns and capacity of almost unlimited
programming combinations of channels and contacts.
On the other hand, dual electrodes have higher energy
requirements and reduce battery life of the implanted
pulse generator.

We have not seen increased rates of hardware failure
with dual electrode systems compared with single elec-
trode ones. Although a prospective comparative analysis
has not been carried out yet, we did investigate a cohort
of 42 CBLP patients with long term single electrode
SCS (6 to 74 months duration). Twelve surgical cor-
rections of the hardware were carried out in a total of
10 patients over the assessment period. In 8 patients
there was a single corrective procedure, in 2 additional
cases there were two surgically corrected hardware fail-
ures each. The most often encountered type of hardware
failure was electrode breakage or disruption of insula-
tion (in Pisces Quad® percutaneous electrodes only) lead-
ing to short-circuiting and dysfunction (n =8). Second
in frequency were failures due to insulation leakage at
the pulse generator plug connection site (n=2). In one
further case, extension cable breakage caused dysfunc-
tion of the system, and another dysfunction was caused
by distal extension cable disconnection [19].

There is no evidence from our clinical practice and in
the published literature to suggest that dual electrode
SCS results in a significantly increased rate of complica-
tions or side effects [13, 20]. However reported compli-
cation rates for single and dual electrode systems vary
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widely across studies, and differences in patients. SCS
equipment, clinical settings, complication assessment and
reporting, length of follow-up and other factors may
strongly influence the reported numbers of complica-
tions [23-25]. According to Turner et al., the median
percentages of complications from single electrode SCS
were as follows: superficial infection 4% (range 0—12%),
hardware failures 6.5% (range 0-40%), pulse genera-
tor revision (additional operation) for reasons other than
battery change 21.5% (range 0-81%), pulse generator
removal 6% (range 0—47%). Sample sizes in the re-
viewed studies were however small and lengths of
follow-up and reported complication rates were highly
variable [25].

Conclusions

At the present time there is little high-class evidence
that SCS is effective for chronic benign pain, although
clinical practice confirms its efficacy and safety. Most
published trials are retrospective case collections and
use single electrode SCS for radicular neuropathic pain.
Only a few published trials deal with dual electrode
SCS for axial low back pain and CBLP. There is a clear
need for large scale RCT to evaluate SCS in compar-
ison to other standard therapies for CBLP. There is also
a need to evaluate different hardware configurations for
SCS in homogeneous patient groups and with unified
criteria.

Based on our own experience and on a comprehensive
review of the current literature, we conclude that evi-
dence is inadequate to make definitive statements about
the difference in efficacy of dual electrode systems com-
pared to single electrode SCS. However it should be
noted that dual electrode SCS has considerable practical
advantages in CBLP cases and that hardware complica-
tion rates seem to be comparable to those of single elec-
trode SCS.
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pain with suggestions to improve success rate

K. Kumar and J. R. Wilson

Department of Surgery, Section of Neurosurgery, Regina General Hospital, University of Saskatchewan, Regina, Saskatchewan, Canada

Summary

For patient selection, psychological factors like fear avoidance, de-
pression, secondary gain or refusal to be weaned off narcotics should be
avoided. Trial Stimulation is an important tool to reduce the rate of
failed permanent implants, and to improve cost-effectiveness. The etiol-
ogy of pain has a strong influence on the success rate. The success rate is
inversely proportional to the time interval from the initial onset of symp-
toms to the time of implantation. Multi-polar and multi-channel systems
improve the long-term reliability and success rate and have proven to
reduce the incidence of open surgery in case of electrode displacement.
Third party coverage like the Worker’s Compensation negatively affects
the long term success. Reducing the complication rate directly benefits
long term success rates. The electrode fracture rate can be reduced by
using the paramedian approach, the use of three wing silicone anchor
placed immediately at the point of exit of the lead from the deep fascia
and avoiding a hard plastic twist lock anchor. The displacements can be
reduced by fixing the anchor to the deep fascia firmly, supplemented by
the use of silicone glue, and by placing the implantable pulse generator
(IPG) in the abdominal wall, instead of the gluteal region. The use of
prophylactic antibiotics tends to reduce the infection rate.

Keywords: Spinal cord stimulation; complications; chronic benign
pain; long-term success rate.

Introduction

Chronic pain is a pervasive medical dilemma with com-
plex physiological and psychological origins that have
yet to be fully elucidated. Chronic pain poses a social,
economic and emotional burden for those afflicted and
for society as a whole. This results in depression, poor
quality of life and ultimately loss of livelihood. Pain is
the major driving force for a patient to seek medical
attention. Spinal Cord Stimulation (SCS) in the treat-
ment of chronic pain has become an established modal-
ity since its introduction in 1967 by Shealy et al. [25].
Melzack and Wall, by propagating the gate theory, sti-
mulated new interest in pain research and therapy [19].

However the gate theory does not fully explain the
mechanism of SCS pain control, as stimulation does
more than directly inhibit pain transmission in the dorsal
horn of the spinal cord. Pain modulation by SCS may
also involve supra-spinal activity via the posterior col-
umns of the spinal cord, probably by recruiting endoge-
nous inhibitory pathways. Our improved understanding
of the neurotransmiter systems, for example GABA and
adenosine, will help to unlock this mystery.

Since 1967, SCS has been steadily gaining support as a
reversible and non-destructive method of effectively con-
trolling chronic intractable pain. It has been shown to be
efficacious in Failed Back Syndrome, Complex Regional
Pain Syndrome I and II, Peripheral Vascular Disease
causing rest and claudication pain, Multiple Sclerosis,
Intractable Angina, Peripheral neuropathy, Postherpetic
neuralgia and recently in certain cases of visceral pain
[3-9, 14]. It is estimated that, in 2004, over 25,000 SCS
systems were sold worldwide with total sales expected to
rise each year. With the acceptance and proliferation of
this technique it is important to investigate how factors
like patient selection, various pathologies responsible for
chronic pain, technological and methodological related
factors and complications influence patient outcomes.
We plan to reflect on our experience of the last 25 years
in treating chronic pain with SCS to shed some light on
these questions. The authors hope that the suggestions
put forward in this study will be useful to improve the
overall long-term success of this therapy.

Methods

To determine the factors affecting the long-term success in the treat-
ment of chronic pain by SCS we undertook a retrospective in-depth
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analysis of our active database of 424 patients spread over a 23 year
period, with a mean follow-up of 97.6 months. Our study group con-
sisted of 259 males and 165 females, with a mean age of 54 years and a
range of 21-87 years. In this study we had early success rate of 80%
(338 patients) and a long term success rate of 74.1% of the internalized
group (251 patients), or 59.2% of the total study group patients. The
analysis was focused on the value of trial stimulation and clinical pre-
dictors of outcome including age, sex, etiology of pain, type of electrode
used, duration of symptoms prior to SCS implantation, number of sur-
geries prior to SCS implantation, effect of third party coverage and
psychological factors.

We examined the causes of long-term failures and identified a group
of 85 patients, who, after an initial period of good pain relief, start to re-
quire increasing amplitude of current to maintain satisfactory pain con-
trol. Over time, these patients’ pain control eventually fades despite a
fully functional stimulating system. For lack of better terminology, we
have labeled this phenomenon as “tolerance”.

Complications were analyzed as they influenced the long-term effec-
tiveness of this treatment modality. We have included practical sugges-
tions of how to minimize the occurrence of complications which is
supported by recent bench data, supplied by Medtronic’s neuro tech-
nology design engineering laboratories in Minneapolis, Minnesota. To
achieve this bench data, the following methods were used by Medtronic
Lab: 1) Computer modeling and anthropometric data provided under-
standing of the expected movement of the relevant anatomy. 2) Chronic
animal studies provided estimation of the mechanical properties of
tissues surrounding the implanted SCS systems. 3) A number of biome-
chanical tests were performed, to determine the loads on the lead, anchor
and other parts of the system, to simulate conditions which lead to the
types of complications recorded in this study (especially lead fracture
and displacement) and to evaluate the best anchor.

Factors influencing the long term success

Patient selection

The proper patient selection has a major impact on the
ultimate outcome and time spent in achieving this pays
high dividends ultimately. For this purpose we suggest

Table 1. Etiology of pain, internalization, and long-term success rates

K. Kumar and J. R. Wilson

the patient should meet the following criteria: 1) a well
defined, non malignant organic cause of pain 2) failed a
trial period of initial medical pain management of roughly
6 months 3) remedial surgical procedure is not feasible or
advisable 4) absence of secondary gain 5) absence of any
major psychiatric disorder 6) willingness to eliminate any
inappropriate drug use prior to implantation.

Role of trial stimulation

In spite of our effort in selecting appropriate candi-
dates for SCS therapy, 17-20% of patients fail trial stim-
ulation. This emphasizes the role of trial stimulation as
it tends to reduce the rate of failed permanent implants
and improves cost-effectiveness. The trial stimulation
provides a window for the patient to adjust to the stimu-
lation induced paraesthesia and counseling by a neuro-
surgical team. In our experience, the stimulation induced
paraesthesia should cover a minimum of 80% of the area
of the pain (if not the whole territory); otherwise the
results are less than optimal. However, recently Allergi
et al. [2], in their study have shown that complete cover-
age is not necessary to achieve good outcome. The main
disadvantage to trial stimulation is an added procedure
and associated costs.

The reason for failure of trial stimulation in patients
who are otherwise considered good candidates for SCS
is not understood at this time. It is postulated that this
group may be an example of patients whose primary
pain mechanisms or pathology are poorly suited for
SCS, or whose anatomy or physiology is some way
may prevent accurate electrode placement.

Etiology No. of patients Initial pain relief Long term pain relief
Success Failure Long term Late
(not internalized) successes (%) failures
FBSS 227 189 38 136 (60%) 52
Peripheral vascular disease 52 42 10 32 (62%) 10
CRPS I and II 34 29 5 25 (74%) 5
Peripheral neuropathy 20 16 4 14 (70%) 2
Phantom limb pain/stump pain 5 1 4 1 (20%) 0
Multiple sclerosis 19 17 2 15 (79%) 2
Angina 11 11 0 9 (100%) 0
Bone and joint pain syndromes 8 8 0 3 (37%) 5
Spinal cord injury/lesion/cauda equina 15 7 8 5 (33%) 2
syndrome/paraplegic pain
Perirectal pain 6 4 2 3 (50%) 1
Post-herpetic/intercostal neuralgia 19 10 9 4 21%) 6
Upper limb pain secondary to disc surgery 8 4 4 4 (50%) 0
and miscellaneous pain syndromes
Total 424 338 86 251 (59.2%) 85
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In our experience the etiology of the pain is a crucial
factor in predicting outcome, with success rate varying
depending on the etiology treated. Our findings are con-
sistent with other investigators. The most satisfying out-
comes are achieved in Failed Back Surgery Syndrome
(FBSS), CRPS I and II, peripheral vascular disease not
amenable to revascularization surgery, refractory angina,
peripheral neuropathy and pain secondary to multiple
sclerosis [5, 10, 11, 13, 15, 16, 18, 20, 22, 23]. The treat-
ment of refractory angina with SCS seems to give the most
gratifying long-term success rate ranging from 90-100%
[17, 18]. Less gratifying pain control was achieved in in-
tercostal neuralgia, post-herpetic neuralgia and phantom
limb pain, spinal cord injury, paraplegic pain, bone and
joint pain syndromes, perirectal pain, and spinal cord
tumors that progress to total paraplegia [16] (Table 1).

Timing of implant

We have found that the success rate of SCS is inversely
related to the time interval between the onset of chronic
pain syndrome to the time of implantation. Figure 1
shows that the success rate decreases from approximately
85% for a delay less than 2 years, to approximately 8%
if the delay is 15 years or greater (p <0.001). On plotting
the success and failure rates against the number years
from onset of chronic pain symptoms to the time of im-
plantation, the lines intersect at 5 years. This indicates

Fig. 1. The rate of success of SCS is inversely
related to the time interval between the
beginning of the chronic pain syndrome and
the time of implantation. The success rate

1410 17 17 to 20 decreases from 85% with a delay of less than
2 years to approximately 8% if the delay is 15
years or greater. [] Failure, [l success
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Fig. 2. Success and failure are plotted against the time of implantation.
These lines intersect at 5 years, indicating that, to achieve best results,
patients should be implanted prior to 5 years from the onset of their
symptoms

that, to achieve the best results, patients should be im-
planted prior to 5 years from onset of their symptoms
(Fig. 2). This may be due in part to reinforcement of pain
pathways over time and subsequent learned behavior,
making changes in these pathways more resistant to treat-
ment with SCS with passage of time.

Pre-implant surgeries

In this series, 331 patients had one or more surgeries
prior to consideration for SCS therapy (2.9 + 1.3 aver-



94

K. Kumar and J. R. Wilson

Percentage

Internalization

Pain relief (in first 2 yrs.)

age procedures [mean &+ SD]). Among the 79 patients
who had 3 or more surgeries 51% had long term success,
as compared to a long term success rate of 53% for the
252 patients having less than 3 surgeries. The Fischer’s
exact test failed to show a statistically significant rela-
tionship between the two groups (p =0.69).

Among the group of 39 patients who had no pre-
implant surgery comprised of patients with MS pain or
peripheral neuropathies, the long-term success rate was
75%. This finding may be taken with the caveat that
these represent entirely different disease processes as
compared to patients who require surgical treatment for
their underlying pathology.

Demographics and success rate

We have found no significant influence of age, gender
or laterality of pain with respect to long-term success.
Females in our series had a slightly higher rate of inter-
nalization and better pain relief in the first year. But, on
long term follow-up males experienced a higher success
rate (Fig. 3).

Influence of third party coverage

We have excluded patients from enrollment who were
involved in active litigation or found to have unresolved
issues of secondary gain. Worker’s Compensation cover-
age is not subject to litigation by law in many countries
including Canada, and acts as health insurance and dis-
ability benefit. Therefore, it was logical to consider the
influence of WCB in propagation of long term disability
in patients with FBSS who were subject to SCS. In our
series 106 patients with FBSS with WCB coverage were
enrolled. Of these, 89 (83.9%) had there systems inter-
nalized after a trial stimulation and at the last follow-up
54 (50.9%) continue to have good pain relief. On the

Pain relief (over 2 yrs.)

Fig. 3. Females have a slightly higher rate of
internalization, and better pain relief in the first
year, but over the long term, males experienced
higher success rates. Male, [l female

other hand, of the 121 patients with FBSS without WCB
coverage 95 (78.6%) had their systems internalized and
85 (70.1%) continued to have good pain relief at last
follow-up. This is a statistically significant difference
by Fisher’s Exact Test (p <0.0038).

Considering the return to employment following SCS
4 of the 89 (4.5%) internalized patients with WCB cov-
erage returned to gainful employment as compared to 15
out of 95 (16%) internalized patients without WCB cov-
erage returned to gainful employment. This difference
is also statistically significant by Fisher’s Exact Test
(p=0.0387).

This will indicate that Third Party Coverage negatively
affects the success rate and return to employment. Even
though we chose to exclude patients involved in active
litigation, a recent study by Van Buyten e al. [29] reveals
no difference in the VAS scores between patients involved
in active litigation and the rest of the population.

Effect of electrode type on outcome

Our present and previous data [15, 16], supplemented by
other investigators [20, 21], demonstrate that multi-polar
and multi-channel electrode systems (hazard ratio = 0.47
p<0.001, compared to unipolar system) are superior to
achieve long-term successful pain relief. Plate electrodes
have a slightly higher survival time than cylindrical multi-
polar percutaneously implanted electrodes (Fig. 4). The
use of these systems also reduces the incidence of open
surgery from 23% to 16% to restore paraesthesia cover-
age and pain relief after electrode displacement [21].
According to Alo et al. [1], only 3.8% cases required sur-
gical revision with the use of octapolar leads and complex
programming.

Lower extremity pain secondary to radiculopathy re-
sponds well to SCS, however when axial pain becomes
more prominent it becomes difficult to treat. In the last
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Fig. 4. Kaplan-Meier Survival Curve for the electrode types used in the
spinal cord stimulation. The graph shows that plate type of electrodes
have a longer survival time than Pisces type of electrodes. Reproduced
with permission: Kumar et al. [16] Epidural spinal cord stimulation for
treatment of chronic pain — some predictors of success. A fifteen year
experience. Reproduced with permission Surg Neurol 50: 110-121

2-3 years we have been exploring various ways to control
the axial pain as well. We have discovered that the dual
quadripolar or dual octapolar leads, placed in a staggered
fashion, seems to give a better control of axial pain. We
attempted this approach to controlling predominant axial

Table 2. Complications
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pain in 34 patients. At one year follow-up, the average
reduction of axial pain on VAS was 58% with a reduc-
tion in radicular pain of 60%. In comparison, for 154
patients with FBSS with predominant leg pain and minor
axial pain implanted with single lead systems, the reduc-
tion in the VAS score for the axial pain was 15% and the
radicular pain 64%.

Effects of rapid cycling

Patients who show a decline in the effective pain con-
trol with conventional stimulation cycles can be salvaged
by the introduction of rapid cycling which consists of
“on” and “off” periods of 1 second or a fraction thereof.
In 53 patients, where rapid cycling was tried there was
an improvement in VAS score of 14 + 6 points. Battery
life can also be improved by rapid cycling but is con-
founded by other factors like pulse with and amplitude.

Effect of complications

Reducing the complication rate directly affects the
long-term success rate. The complications not only dis-
rupt the pain control effect, but also pose an additional
expense to this treatment modality. The incidence of ad-
verse events reported in the literature varies from 20-75%
[26], with an average of 34—36% [9]. The complications

Hardware complication Incidence (%) Comment

Displaced electrode 90 (21.23%)

42 were repositioned, 48 were replaced (49 of these displacements occurred

in sigma electrodes). The displacement rate in sigma electrodes was 74.24%
while in other types of electrodes is 9.5%

Fractured electrode 27 (6.37%) All replaced satisfactorily; usual site was distal to the fixation point to the deep
fascia where the lead enters the spinal canal
Hardware malfunction 20 (4.71%) Due to increased impedance, electrodes were replaced
Insulation damage 9 (2.3%) Occurred in cases where rigid twist lock anchor was used requiring
replacement of the lead
Discomfort over 27 (6.37%) 5 cases (1.2%) required revision
pulse generator In 2 cases, the pulse generator was placed too low in the anterior abdominal wall
and caused irritation of the ilioinguinal nerve requiring repositioning
In 2 cases, it was placed over the lower ribcage in the earlier part of the study
and needed to be repositioned over the anterior abdominal wall
In 1 case, when placed over the gluteal region the pulse generator caused pain
on lying down, requiring repositioning
The rest resolved with rest and conservative measures
90 Degree rotation 4 (0.94%) Resulted from faulty anchoring of pulse generator to fascia, required repositioning
of pulse generator
Electrical leak 4 (0.94%) All were replaced. Usual site was junction of connector cord to distal electrode
or pulse generator
Biological complications Rate Comments
CSF leak 2 (0.47%) Resolved spontaneously
Subcutaneous hematoma 19 (4.48%) At the site of the pulse generator; 1 required surgical evacuation, 8 required aspiration,
and 10 resolved spontaneously
Infection 15 (3.5%) Five resolved with antibiotics, ten required removal and subsequent re-implantation
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that posed the largest threat to the long-term success
rate in our series were: 1) displacement of the electrode,
2) fracturing of the electrode, and 3) infection (Table 2).

Electrode displacement

Electrode displacement can take place either in the
vertical or horizontal plane depending on the direction
of the forces on the lead. In the literature, the incidence
of this complication was 13.2% [27]. In our series, the
incidence of this complication was 9.5% if the sigma
electrodes are excluded. The sigma electrode was the pri-
mary electrode in the early phase of the study, and was
highly susceptible to displacement due to defective met-
allurgy. It had a single contact point, so even a slight
displacement resulted in loss of pain control and un-
dulations in its stem led to easy displacement by jerking
or twisting of the back. The vertical migration may be
caused by the lead slipping through the anchor, when
tensile loads on the lead exceed the anchor’s retention
ability. It may also result when the anchor, which is se-
cured to the lumbodorsal fascia, gets pulled away due to
either failure of the suture holding it in place or due to
the tearing away of the fascia. The tensile load on the
lead changes with the motion of the spine, position of
Intra-corporal Pulse Generator (IPG) and elasticity of
the lead and the tissues. The length of excursion of the
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Fig. 5(a and b). Displacement of extension cord between neutral and
extension position of the dorso-lumbar spine when IPG is in buttocks.
There is displacement of 9 cm between anchor and IPG during neutral
and extension of spine when IPG is in the buttock area (Bench data
courtesy of Medtronic Inc.)
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Fig. 6(a and b). Displacement when IPG is in the anterior abdominal
wall. There is displacement of only 0.2cm between anchor and IPG
during walking but it increases to 1.7 cm during twisting movements
(Bench data courtesy of Medtronic Inc.)

lead and its connector cable varies with flexion and ex-
tension of the spine and is also governed by the site of
IPG implantation. Recent bench data indicates that a
9cm displacement takes place between the upper but-
tock (site of IPG implant) and the thoracic spine (site of
anchor) between flexion and extension of the dorsolumar
spine (Fig. 5a, b). In contrast, when the IPG is located in
the anterior abdominal wall, the strain on the lead is
much less. In this situation, the excursion of the exten-
sion lead from the anchor to the IPG site on walking is
0.2cm and on twisting 1.7cm (Fig. 6a, b). This shows
that the tensile load during regular activities changes
according to the body position.

In order to reduce the tensile load on the lead during
excursion of the extension cord with changes in body
position, it is recommended that a strain relief loop is
created between the anchor and IPG and where possible
the IPG should be implanted in the anterior abdominal
wall in preference to the gluteal location. To prevent the
lead from slipping through the anchor it is suggested that
a strong suture is used to secure the lead to the anchor
and the use of a tissue adhesive inside of the anchor.
Attention should be paid that the anchor is fixed to the
deep fascia and not to the subcutaneous tissues to pre-
vent it from being pulled away from its point of fixation.

The incidence of displacement is twice as high in
patients with torsion scoliosis of the dorsolumbar spine
and in the cervical regions. In such cases to prevent
dislodgement, the use of paddle electrodes is preferable
whenever possible.
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Electrode fracture

In our series the incidence of electrode fracture was
6.37% as compared to the 9.1% in the literature [27].
The most common site of fracture in Pisces type of
electrode was just distal to the site of the anchor where
the lead exits the deep fascia. This is the site of the kink
in the lead and is the point of stress where maximum
bending fatigue occurs during flexion and extension of
the spine, resulting in fracture. Recent bench data
shows that the smaller the inside bend/kink radius,
the greater the incidence of fracture. During the revi-
sion of the fractured electrodes, we found that the rate
of fracture increases when the anchor is 1 cm or more
beyond the point of exit of the lead from the deep
fascia. This may be related to the reduced bend radius
of the lead.

To reduce the incidence of fracture it is necessary to
increase the degree of inside kink radius of the lead. This
can be achieved by placing the three wing soft silicone
anchor as close to the point of exit of the lead from the
deep fascia or even pushing the nose of the anchor
through the deep fascia (Fig. 7a, b).

The paramedian approach is preferred over a midline
approach for implantation of percutaneous leads. The
paramedian approach, by allowing for a much shallower

’
2 Kink radius
“.. (point of stress)

a b

-

Fig. 7(a and b). Position of anchor decreases the kink radius. The
position of the anchor decreases the degree of kink radius. The
smaller the kink or bent radius, the higher the incidence of fractures.
In Fig. 3a and b, the kink radius is increased by pushing the nose of
the anchor through the deep fascia as compared to when the anchor
is away from the point of exit of the lead in Fig. 3b (Bench data
courtesy of Medtronic Inc.). A Increased kink radius, B anchor is
pushed through the fascia to increase the kink radius, C decreased
kink radius, D anchor not pushed through fascia
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Lead anchor

Lead body
Lead paddle

Fig. 8(a and b). Excursion of the lead of the paddle electrode on
flexion and extension of the dorsal lumbar junction. The change in the
lead path (distance between points A and B) being 2.1 cm (Bench data
courtesy of Medtronic Inc.)

angle of introduction, permits much easier steering and
precise placement of the electrodes. The shallower angle
of introduction also increases the inside kink radius
when the lead is anchored to the deep fascia, which
results in lower incidence of fracture.

A fracture of the Paddle electrode is rare, but when it
happens it usually occurs at the junction of the electrode
to its lead. This is related to the fact that between flexion
and extension there is 2.1 cm displacement between the
dorsolumbar fascia where the lead is anchored (point A)
and the epidural space where a paddle electrode is
implanted (point B) (Fig. 8a, b). This places significant
stress on the lead in between these two fixed points. These
stress forces contribute to electrode fracture. To reduce the
stress at these fixed points a strain relief loop is suggested.

Fig. 9. Damage to the insulation and the internal coil by the plastic
twist lock anchor
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Fig. 10. Development of tolerance over time. Values indicate the number of patients developing new onset of tolerance during each 2 year period.

The incidence of tolerance is scattered throughout the follow up period

The twist lock anchor causes a break in the insu-
lation/coil of the lead (Fig. 9). This was observed in 9
cases in our series. This damage to the lead is caused
by the pressure exerted by the twist lock mechanism of
the anchor on the insulation and the stress caused by
repeated flexion and extension of the spine at this point
of fixation. We would therefore like to discourage the use
of this anchoring device.

Infection

Infection is a serious biological complication of implant
therapy and one of the most costly to rectify. The rate of
infection in the literature is reported at 0—12% with a mean
of 5% [12, 24, 26]. In our series, the rate of infection was
3.5% which falls at the lower end of the scale. To avoid this
complication one must treat this procedure with the same
aseptic techniques as implied in any major surgical proce-
dure. The use of prophylactic antibiotics is recommended,
which is not universal at the present time.

Other biological complication

Subcutaneous hematomas have an incidence of 0-9%
in the literature [9, 27, 28] and occurred in 4.48% in
our series. The smaller subcutaneous hematomas resolve
spontaneously, however some require aspiration and rare-
ly an open operation. Strict hemostasis at surgery and
prompt aspiration are suggested to prevent wound dehis-
cence and subsequent infection.

Tolerance

Tolerance is defined as a progressive loss of pain con-
trol in the face of a fully functioning stimulating system.
Tolerance has been the most significant cause of loss of
pain control after long-term successful pain relief,
occurring in 85 patients in our series. The incidence of
this problem is scattered throughout our period of fol-
low-up with no predictable pattern (Fig. 10). The exact
mechanism of this phenomenon is not known. The use of
amitriptyline, L-tryptophan or stimulation holidays in
treating this problem has been met with minimal suc-
cess. More research is warranted to overcome this obsta-
cle and thus improve the long term success rate.
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Summary

Spinal cord stimulation (SCS) has become an established clinical
option for treatment of refractory chronic pain not related to cancer.
Current hardware and implantation techniques for SCS are already
highly developed and continuously improving, however equipment fail-
ures over the course of the long-term treatment are still encountered in a
relatively high proportion of treated cases. Percutaneous SCS electrodes
seem to be particularly prone to dislocation and insulation failures. This
review summarizes the experience of the authors with management of
hardware failures and their causes in patients treated with SCS for chron-
ic pain of benign origin. The published literature is critically surveyed
and discussed.

Keywords: Hardware failure; low back and leg pain; spinal cord
stimulation.

Introduction

Spinal cord stimulation (SCS) has been evolving since
its clinical introduction in the late 1960-ies to become
a routinely used procedure in the clinical treatment
of chronic pain conditions of benign spinal origin [4, 5,
8-10, 22, 24]. One of the complex pain syndromes most
frequently treated by SCS is chronic back and leg pain
(CBLP), often used synonymously with the so-called
failed back surgery syndrome (FBSS). CBLP is a per-
manently disabling condition of multifactorial genesis
occurring in 5—10% of patients with degenerative spinal
disease [6, 11, 18]. Typically but not necessarily, CBLP
patients have undergone multiple surgeries for disc her-
niation, lumbar stenosis, or degenerative spinal instability,
and have developed adhesive arachnoiditis or epidural
and intradural fibrosis resulting in severe radicular or
pseudoradicular pain and low back pain [11]. In these
patients, SCS is an effective and minimally invasive

treatment modality and yields long-term results in
50-70% of the patients [2, 3, 13, 15-17, 20]. Although
SCS hardware and surgical implantation techniques are
currently well established and technically highly elabo-
rate, there still are hardware failures caused by physical
limitations of the used materials and by variations in the
implantation techniques.

This review aims at identifying the most frequent
types of hardware failures and their underlying causes in
patients with chronic benign pain of spinal origin treated
by long-term SCS. The experience of the authors and the
pertinent literature are reviewed and compared.

Personal experience with SCS hardware failures

The authors have used SCS for treatment of chronic
pain of benign origin since 1992 and have implanted
more than 150 patients in total. There have been some
dramatic technological improvements in the implantable
and non-implantable equipment since the early 1990’s;
however an overview of the engineering achievements in
SCS is beyond the scope of this article.

Out of the first 100 consecutive cases of the authors, a
series of 42 patients with CBLP treated with long-term
SCS has been investigated in detail [7]. Twenty-eight of
these patients were female (66%) and 14 male (34%),
with a median age for the whole group of 52 years
(range 34-72). The median follow-up period for all pa-
tients was 46 months (range 6—74 months). Parameters
included in the investigation were: time to failure after
implantation of the device, frequency of failures, sites
and types of failure, and overall duration of SCS. In all
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but 4 patients of this series, percutaneously inserted
quadripolar electrodes (PiscesQuad®, Medtronic Inc.,
Minneapolis, MN) were used. Single electrodes were
implanted in 35 cases and dual electrodes in 3 cases. In
4 further patients, minimally invasive partial medial
laminectomy was carried out under local anesthesia
for placement of flat quadripolar surgical electrodes
(Resume®, Medtronic Inc.). Radiofrequency receivers
(model 3470, Medtronic Inc.) were implanted in 35 pa-
tients and X-trel® external pulse generators were used
for stimulation. In the 3 patients with dual electrodes, an
implantable dual channel radiofrequency receiver and
external pulse generator (Mattrix®, Medtronic Inc.) were
used. Patients used their SCS devices for a median time
of 8.4 hours daily (range 1-24) over a total of 6,830
stimulation months.

A total of 12 (28.5%) surgical corrections of the hard-
ware were carried out in this group of 42 patients. In 8
cases there was a single corrective procedure, in 2 addi-
tional cases two surgical corrections each were necessary:
in one patient because of recurrent electrode failure and
in the other patient for initial electrode failure and sub-
sequent receiver failure. The most often encountered type
of hardware failure was breakage of the electrode with
partial or total disruption of insulation leading to short-
circuiting and dysfunction (n = 6). In 2 additional cases,
the electrode failed but the type of failure remained un-
known. Only percutaneous PiscesQuad® electrodes were
affected by such failures, while with Resume® electrodes
no such failures were encountered. Second in frequency
was receiver failure due to insulation leakage (n =2) and
extension cable breakage or disconnection (n =2).

In order to compare hardware reliability and durability,
we calculated the total time of stimulation time to failure
(TF), which is the time period from implantation of the
complete SCS system to the first surgical revision for a
hardware failure. For all hardware failures, median TF
was 24 months (range 5-37). For the PiscesQuad® elec-
trodes alone, median TF was 15 months (range 4-29),
and for the implanted receivers it was 23.5 months
(range 10-37). In comparison, the median total time
of SCS usage in our patient population was 57 months
(range 6-74). We concluded therefore that hardware
failures tend to occur relatively early during the course
of long-term SCS treatment, and that this is particularly
true for failures of the percutaneous electrodes. There was
no correlation between hardware failures and subjective
satisfaction of the patients. After surgical revision of the
hardware the system was used in the same way and with
the same effect as preoperatively [7].
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In the last decade radiofrequency receivers and exter-
nal pulse generators have been completely replaced by
fully implantable single electrode pulse generators (IPG)
such as Ttrel-IT® and Ttrel-TII® (Medtronic Inc.), or dual
electrode IPGs such as Synergy® (Medtronic Inc.). With
all these IPGs there is one additional problem — the need
for periodic replacement of the IPG because of battery
depletion. Stimulation parameters and energy require-
ments vary between patients and also in each single pa-
tient over the course of their long-term treatment, which
effectively precludes comparisons of mean battery life of
the different IPG types between our patients with fully
implantable SCS systems and other cohorts in the litera-
ture. On the other hand, electrode types and materials
have changed little over the course of the last decade and
we were unable to ascertain any significant differences
in the type and frequency of electrode failures in patients
with radiofrequency receivers versus those with IPGs in
our whole series.

Hardware failures of SCS in the literature

Detailed data on SCS hardware failures are relatively
rare in the literature. A few studies provide information
on hardware failures in the context of data on SCS
efficacy and safety. Broggi et al. treated non-malignant
chronic pain in 410 patients in a multicenter study and
reported 3% technical complications during the 2 years
follow-up [3]. Barolat [1] reported only 4 hardware fail-
ures in a large series of 509 implanted electrodes, how-
ever all of these were surgical electrodes which are
sturdier and more resistant than percutaneous electrodes.
Bel and Bauer [2] analyzed 18 SCS patients with a mean
follow-up time of 24 months and reported electrode
breakage in 7 patients (39%). In 5 of these cases, the
failure occurred spontaneously and in 2 cases there was
an underlying trauma. North et al. published a large
series of 298 SCS systems in 249 patients with a mean
follow-up time of 7 years. There were 22 electrode fail-
ures (fatigue fracture, insulation failure) and 16 additional
receiver failures in the whole series [16].

Turner et al. evaluated 39 published studies in a
metaanalysis and calculated total hardware complications
from the bulk of available data [17]. Across a variable
number of evaluable studies, 30% of patients had one
or more hardware-related complications (range 0-75%),
24% had electrode insulation failures (range 0-75%), 7%
electrode wire failures (range 0-24%), and 2% (range
0-9%) IPG failures [24]. Turner et al. updated their ini-
tial review in 2004 to include efficacy and complications
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of SCS for CBLP and for complex regional pain syn-
drome (CRPS). These authors evaluated a total of 22
studies with an average follow-up time of 4 years or less
[25]. The median percentage of hardware failures across
all studies was 6.5% (range 0—40). In addition, IPG re-
visions for reasons other than depleted battery (including
electrode displacement) were carried out in a median of
21.5% of cases (range 0—81%). The authors concluded
that because of widely variable follow-up times and re-
porting patterns for hardware failures it was difficult if
not impossible to perform a detailed comparison of all
types of hardware failures [25].

Quigley et al. reported their 11-years retrospective
experience with SCS for long-term pain relief in 102
patients. The authors carried out a total of 64 (62.7%)
hardware revision operations on 35 patients. Hardware
failures included replacement or repositioning of elec-
trodes (n=29), IPG replacement (n=23), extension
cable failure (n=3), and total removal of SCS system
(n=15). Despite this relatively high frequency of hard-
ware failures, there was substantial clinician-reported
long-term pain relief in 69 (68%) of cases [19].

Taylor et al. recently conducted a systematic review
and analysis of prognostic factors in SCS for CBLP.
Although the authors reviewed a total of 74 studies,
SCS complications data from only 18 studies could be
utilized due to the common failure of mixed case series
to report complications disaggregated by diagnosis, and
due to the fact that numbers of complications were
reported rather than the number of patients who ex-
perienced them. Overall, 43% (48/112) of patients with
CBLP experienced some SCS hardware failures. The
majority of these were due to electrode failures (27%,
195/722). 1IPG failures were seen in another 6% and
extension cable failures in 10% of the patients [23].

North et al. carried out one of the very few prospective
and controlled clinical trials for postoperative CBLP,
which compared single and dual percutaneous SCS elec-
trodes. The authors evaluated 20 patients who passed
SCS screening with single electrodes and received per-
manent dual electrodes at the same vertebral levels.
Despite the high overall quality of the study, hardware
failures were reported only in passing and without suffi-
cient detail. Electrode migration in one patient and IPG
failure in another patient required surgical revisions,
resulting in a total hardware failure rate of 10%. Clinical
failure led to the removal of implants in 4 patients (20%)
after an average of only 0.9 years (range 0.5-1.4). A
successful long-term outcome was achieved in 53% of
patients [14]. North et al. conducted another prospective,
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randomized and controlled trial in patients with persis-
tent radicular pain to test if SCS is more likely than
reoperation to result in a successful outcome. Average
follow-up after SCS implantation was 3 years. A total
of 45 patients (90% of original sample) were available
for follow-up. Three SCS patients (9% of permanent
implants) underwent surgical revisions because of hard-
ware failures (electrode dislocation). No further details
on hardware failures were given in this study [12].

Discussion

Electrode dysfunction was the most common hard-
ware failure in our own series of long-term SCS patients.
This type of hardware failure cannot be detected by
X-rays in all cases, but should always be suspected when
a sudden disappearance of paresthesia in the painful
dermatomes or appearance of differently located (ventro-
lateral) sensations are experienced. Disruption of insula-
tion causes short-circuiting and electrode dysfunction
and may be caused or facilitated by superficial injuries
of the electrode insulation by the edge of the percuta-
neous implantation needle during surgery. Minor cuts
are probably combined later with increased axial tension
stress and hypermobility of the percutaneous electrode
in the spinal canal to finally result in disruption of the
plastic insulation or/and of the electrode wire. Sometimes
the failure occurs immediately after a traumatic event
and then it is usually caused by mechanical overload of
the material.

True radiofrequency receiver failures are probably a
very rare event because of the simplicity of the device
(model 3470, Medtronic Inc.). With IPGs, hardware fail-
ures seem to be uncommon as well, however these fully
implantable devices need periodic replacement because
of battery depletion. With both types of implanted de-
vices, the weakest point seems to be the connection
between the extension cable plug and the device. We
have seen 2 cases of receiver failure by short circuiting
due to leaks in the insulation at the plug connection.
Special attention has to be paid to inserting the con-
necting plug of the extension cable into the receiver as
tightly as possible and waterproofing it with some silicon-
based glue.

Comparison of the published literature with our
own experience with hardware failures is very difficult
because of the lack of standardized evaluation. The
only meaningful conclusion resulting from such vari-
ability of reported data is that management of hardware
failures remains an integral part of the routine follow-up
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management of patients with long-term SCS for CBLP.
Electrode failures are the most common type of hard-
ware failure in our experience and in the series of others,
and are usually dealt with by surgical revision and elec-
trode replacement. It is not possible to identify specific
causes for hardware failures, however a common trend
in all studies is that percutaneous electrodes (e.g. such
as PiscesQuad™) are more prone to failure than surgical
electrodes (e.g. Resume®™). The weakest part of all SCS
hardware seems to be the percutaneous electrode. We
believe that some electrode failures may be avoided by
better handling during implantation and by appropriate
surgical technique. It should be noted that hardware fail-
ures, unlike loss of efficacy of SCS, are most often of
sudden occurrence.
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Summary

In the treatment of pain syndromes of different aetiologies a change
has occurred from destructive interventions to stimulation procedures.
Spinal cord stimulation is the best known example of this treatment
strategy. It is used often in patients with persistent neuropathic pain
syndromes in an extremity, for instance following low back surgery. This
treatment is most frequently performed by a percutaneous placement of a
single electrode, with the aid of a specially designed Tuohy needle to
reach the epidural space. In cases where, for different reasons, a larger,
plate electrode is needed, this has to be placed surgically by a small
laminectomy. The general anaesthesia mostly needed for this procedure
prevents trial stimulation necessary to check the correct electrode posi-
tion. Besides this, the laminectomy procedure can subsequently result in
new pain complaints due to the invasiveness of the procedure. To solve
both problems we have modified the implantation technique. By using a
tubular retractor system (METRx® system, Medtronic Sofamor Danek®,
Memphis, TN), originally developed for minimally invasive degenerative
disc surgery, it is possible to reach the epidural spinal space and intro-
duce the plate electrode with a small approach under local anaesthesia
both allowing trial stimulation and avoiding severe postoperative back-
ache related to the approach in these patients.

®

Keywords: Epidural plate electrode; METRx
tem; minimally invasive; spinal cord stimulation.

tubular retractor sys-

Introduction

Pain relief by spinal cord stimulation (SCS) is a well-
accepted treatment for selected patients with persistent
neuropathic pain syndromes, e.g. after spinal surgery,
since the early 1970’s [5, 8].

Routinely, for back pain radiating in the leg, we per-
cutaneously implant a quadripolar lead with four plati-
num iridium electrodes on the distal end (Pisces Quad™
Compact Medtronic, Kerkrade, The Netherlands) by use
of a Tuohy needle, connected to a single channel stimu-
lator (Itrel® III). However, suboptimal electrode place-
ment or recurrent dislocation can necessitate electrode

revision. Also, stimulation using high amplitudes rapidly
decreases the life span of the stimulator. Therefore, de-
spite major advances in electrode design such as mul-
tichannel stimulation and increased battery capacity,
failures still frequently occur [9, 11].

Alternative electrode configurations with larger
stimulating areas (e.g. multi-channel, eight electrodes;
Specify® lead, Medtronic) can result in an improved
coverage of the painful area and a better effect on pain,
combined with a lower battery current due to a larger
contact with the dura [5, 12]. From a technical point of
view a better electrode fixation also seems possible.

These larger plate electrodes, however, could only be
inserted epidurally by means of a (small) open surgical
procedure involving a partial laminectomy. It is difficult
to perform this procedure under local anesthesia (and
sedation). In a recent publication, Lind ez al. [4] therefore
described a technique using spinal anaesthesia to implant
these electrodes diminishing the discomfort for the patient
and maintaining the possibility to perform intra-operative
test stimulation. However, by using this technique, post-
operative recovery can still be hampered by the relatively
large incision and the wide stripping of the paravertebral
muscles with subsequent pain complaints.

Therefore, we describe a (modified) technique in
which the plate electrode (Specify®, Medtronic) can be
inserted epidurally under local anesthesia (and sedation)
by a minimally invasive procedure with no need to
strip the paravertebral musculature, using the METRx™
tubular retractor system (Medtronic Sofamor Danek,
Minneapolis, MN, USA). The METRx™ tubular re-
tractor system is developed to approach the spinal col-
umn by spreading the paraspinal muscle fibres in a sub
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sequential way by enlarging tubes, thereby avoiding the
need to strip these muscles from the bone. The final
working channel is provided by a tube with a maximum
diameter of 18 or 22mm. The technique has been
adapted for other indications by others [3, 10]; we de-
cided to adapt the technique for the minimally invasive
placement of SCS plate electrodes, making it possible to
perform the procedure under local anaesthesia with little
postoperative pain complaints.

Patients and methods

From December 2002, we use this technique in patients who need
to be treated with a SCS plate electrode. The majority of them were
treated with spinal cord stimulation because of failed back surgery
syndrome (FBSS). Most of them had a partial effect of a conventional
percutaneous electrode and inadequate stimulation area compared to
their painful region. In all these patients, unilateral leg pain predomi-
nated the presence of minimal back pain. Despite previous percutaneous
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revisions, electrode displacement during follow-up occurred leading to a
decrease of stimulation coverage. Some other patients needed frequent
changes of the Itrel (every nine to ten months) due to a high stimulation
intensity. The area covered by stimulation was adequate. One patient
was operated for a thoracic neuropathic pain syndrome following re-
moval of an intramedullary dermoid tumour at the 3™ and 4 thoracic
vertebra. Initial placement using a larger Specify® electrode via this
method was undertaken since we expected epidural fibrosis.

Surgical technique

Following standard antibiotic prophylaxis (cefazolin 1000 mg. i.v. one
hour preoperatively and six hours postoperatively) and oral pre-medica-
tion (midazolam 7.5 mg and acetaminophen 1000 mg), patients are placed
prone on the operating table, as usual for dorsal spinal procedures taking
care that biplane X-rays of the lumbar-thoracic spine are possible. Standard
anaesthetic monitoring for general anesthesia is used. After radiographic
orientation, the desired level of entrance of the new electrode is marked.
This is determined by the interlaminar area one level below the desired
epidural position, usually covered by the present electrode. Desinfec-
tion, aseptic draping of the surgical area and extensive local anesthesia
(xylocaine 1% with adrenaline 1:200.000) take place accompanied by

Fig. 1. Schematic drawing of the elec-
trode and tube position in relation to
the spine (a). Compare the tube po-
sition in disc surgery (b — left) to the
tube position for SCS plate electrode
insertion (b — right). This change in di-
rection is necessary for an uneventful
introduction (without dura compres-
sion) of the surgical stimulation lead
in the dorsal epidural space
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intravenous sedation with propofol and low dose fentanyl by an anesthe-
siologist. These are dosed to an acceptable level of sedation and pain
relief. In our experience this provide good operative conditions.

Before starting the procedure the initial electrode is located and re-
moved through a small incision at the level of the interspinous entrance
where the electrode is fixed to the fascia as well as at the level of the
connection with the extension lead. Thereafter, a small, 10—12 mm
long paravertebral incision is performed about 1.5cm lateral to the
spinous process at the side of the persistent pain, slightly below the
level of the interlaminar space that is to be opened. This approach is used
to anticipate possible adhesions making midline crossing more difficult.
During the procedure verification of this level is determined by frequent
fluoroscopy. The paravertebral muscle fascia is sharply opened about
1 cm in length because we have to follow a medio-cephalad tube direc-
tion to the spinal column. This must be done to be able to introduce the
stimulation electrode in the epidural space without pressing the dura
unnecessarily later in the procedure. (Fig. 1a) This is in contrast with
the perpendicular route to the spine when using the METRx™ system
in disc surgery. (Fig. 1b) A disadvantage of our approach is a partial
dilatation of the fascia with the subsequent tubes after introduction of the
guidance pin of the Mettrx™ system due to the angle of insertion. This
can make it impossible to reach the fascia with all sides of the tubes
simultaneously. Subsequent enlarging and opening of the fascia can
therefore be difficult. After opening the fascia, the inferior border of
the superior lamina at the desired interlaminar space is approached and
confirmed by fluoroscopy. Thereafter, dilating tubes are placed sequen-
tially until a 18-22 mm diameter retractor tube (depending on the sur-
geons experience) can be inserted. This exposes the caudal part of the
superior lamina, the flava ligament and the superior margin of the in-
ferior lamina. Frequent fluoroscopy is used to prevent an undesired ceph-
alad disorientation due to the steep angle of approach. Thereafter the
retractor is stabilised and fixed to the operating table by means of the
flexible arm of the system (Fig. 2).

To improve exposure and illumination a partial caudal hemilaminec-
tomy and removal of the ligamentum flavum using small Kerrisons are
performed under microscopic guidance. It is important that the hemi-
laminectomy includes the lateral aspect up to the medial facet joint and
crosses slightly over the midline to be able to move the electrode in the
desired direction. It is not always necessary to enlarge the interlaminar
space in a more caudal direction, but when the interlaminar space is very
small it can be considered to remove a small part of the inferior lamina
by this approach as well.

Since the standard plastic instrument supplied with the Specify® lead to
dissect adhesions in the epidural space, has too sharp curvature to be
inserted through the tubes, we modified this manually during the proce-
dure. Removal of the very distal (1.5 cm) part of this instrument with a
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Fig. 2. The working tube is fixed in position with a flexible retractor
that is connected to the operation table. Note that the incision for
removal of the percutaneous lead (in the top of the image) is larger than
the incision needed for the tube placement

scissor was undertaken carefully. Then adequate insertion of this modified
instrument through the working channel is possible in order to perform a
small epidural adhesiolysis in the same way as it is done in an open
procedure. This makes it possible to insert the electrode into the epidural
space without technical problems. It is possible that the adhesions are too
tight. But the difficulty to remove the adhesions is the same as in an open
procedure, only with less working space. We encountered failure in
removing adhesions with this approach in only two patients. One was
due to an operation at the same level because of an intramedullary
dermoid cyst; the adhesions to the lamina were to strong to be removed
through the tube making it impossible to enter the epidural space. In the
other case the epidural adhesions were too resistant to be released and
needed a larger approach. In all other cases, insertion of the electrode was
possible. Further cephalad manipulation in the epidural space is per-
formed with a specially designed, slightly curved tool in all patients
without problems (Fig. 3). This instrument partly encroaches the flexible
plate electrode making it more steerable, since the electrode cannot bend
sideward when fitted in this tool. It is easier to reach the right position in
this way, but sometimes it can be difficult to dissect all adhesions as in an
open procedure. We therefore always choose to open the epidural space at
the side of pain complaints. When crossing the midline in these cases is

Fig. 3. Photograph of a Specify plate electrode (overview on the left, detail on the right) in the specially designed introducer. Note that the
introducer encroaches the (flexible) electrode partially, making sideway movements less possible and the electrode more steerable. The shaft of the
introducer is bendable allowing adjustment of the shape (bayonet), making the tip visible according to the situation
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Fig. 4. Fluoroscopic image controlling the lead location after epidural
placement and before trial stimulation. The lead is positioned slightly
paramedially on the right side due to persistent adhesions in the
midline that could not be released. Note the (slightly caudal) position
and (paramedian, cephalad) direction of the working tube in relation-
ship to the position of the lead

not completely feasible for the lead to be placed at the right side. In some
cases this can also be performed with a forceps. After confirmation of
the position of the lead by fluoroscopy (Fig. 4) the sedation is diminished.
Test stimulation is performed in the usual manner with the help of an
extension cable and screener. Following confirmation of the correct posi-
tion of the lead, the tubular retractor is removed keeping the plate elec-
trode in the same position by fixing the cables with a forceps. The lead
cables are fixed to the fascia in the usual way which is challenging
because of the small incision.

The fascia incision is closed with the same sutures. Fixation of the
plate electrodes to the lamina is never performed in our institution. The
leads are connected to the extension cables connected to the pulse stimu-
lator already present (or an extension lead and stimulator device are
placed in the usual way) and skin closure is performed intracutaneously.

Results

Except for two patients (one had been operated at the
level where the electrode entrance was planned and one
had extensive epidural adhesions), insertion was unevent-
ful, in spite of the fact that all patients had already an
electrode implanted before at the same level and the in-
terlaminary distance was sometimes very small. Optimal
electrode position and adequate stimulation were accom-
plished in all patients in whom we were able to insert the
electrode to the desired location. The electrodes were both
connected to a Synergy™ system which makes dual stim-
ulation possible. We did not encounter problems with
the trial stimulation because the sedation level could eas-
ily be diminished and all patients could respond ade-
quately with normal trial stimulation thresholds.

The patients who were operated on because of inade-
quate, partial stimulation of the affected dermatomes

T. Beems and R. T. M. van Dongen

noted better stimulation coverage with the plate elec-
trode. In all patients with frequent dislocations of the
percutaneous electrode, very good coverage of the af-
fected pain area was obtained and this persisted in the
follow-up of 30 months. The patients with high voltage
used (and short life-span of battery) had persistent good
pain relief with a 50-60% reduction in amplitude; a
longer use of the implanted system is thus expected.

In the patient with the former operation at the same
spinal level, the procedure could not be performed, be-
cause the adhesions were too tight to be released from
the lamina through the tube, so we were not able to reach
the epidural space safely and decided to convert the pro-
cedure to an open laminectomy two weeks later (with a
satisfying result). Only in one patient we were not able
to position the electrode at an optimal location because
we were not able to remove the epidural adhesions from
the former electrode adequately. This problem is also
encountered in open procedures. This patient needed a
wider laminectomy through an open procedure under
general anesthesia. (We were able to confirm the right
spinal level by trial stimulation in the minimally invasive
procedure.) In the patients treated successfully with the
minimally invasive tubular approach, operation-related
pain complaints could be treated with minor analgesics
(acetaminophen, 1000 mg 4 times a day), after a first
postoperative opioid dose. Postoperative recovery was
uneventful and mobilisation on the first postoperative
day was possible in all patients.

We had one post-operative complication. A patient
(who formerly had inadequate coverage of the pain area
by a single electrode) experienced an increase in urinary
problems, necessitating frequent bladder catheterisation.
She already had urinary retentions and incontinence
before this procedure. Post-operative urological evalua-
tion showed a previously dilated and partial denervated
bladder. No signs of neurological bladder dysfunction
i.e. due to spinal cord or caudal compression were pres-
ent. Since her discharge, these complaints have not
disappeared and the patient still performs intermittent
self-catheterisation of her urinary bladder. Pain relief
was satisfactorily and she had only minor approach-
related complaints. These good results persisted after
more than one year of follow-up.

Discussion

SCS has proven to be effective in patients with a vari-
ety of therapy-resistant neuropathic pain syndromes e.g.
following “‘failed back™ surgery, especially when pain



Minimally invasive placement of epidural plate electrodes

radiates into a leg and previous interventions have proven
ineffective. In the majority of patients the electrodes can
be placed percutaneously in the epidural space using a
specially designed Tuohy needle and X-ray control [6].
However, in a number of cases, this technique can fail due
to inability to reach all the selected dermatomes with the
electrode (due to epidural adhesions) and failure to cover
the painful area adequately via a single lead. Furthermore,
the need for a high-energy output by the stimulator makes
frequent change of the stimulator necessary and can also
be a cause of “failure”.

In these cases, therefore, surgical placement of a larger
“dual” lead can be considered [5]. In addition, the shorter
distance from epidural space to spinal cord due to a larger
surface area may explain reductions in the required electric
output of the stimulator [7, 12]. Until now a classical, larger
intervention using a (hemi-)laminectomy under general
anesthesia was necessary. This approach causes an in-
creased intra- and post-operative discomfort for these pa-
tients, due to the needed wide stripping of the paravertebral
muscles from the spinal bone. Therefore, this surgical inter-
vention is often withheld in these patients because of the
unpredictable nature of the procedure during general anes-
thesia and the impossibility to stimulate intra-operatively.
This problem urged Lind et al. [4] to develop a tech-
nique using spinal anesthesia. They reported that trial
stimulation is still possible in these circumstances and
that the procedure minimizes the discomfort of the pa-
tient, although the post-operative pain complaints using
this technique remain the same. Instead of adapting the
anesthetic technique we decided to modify the surgical
approach, in order to perform the procedure using local
anesthesia. By a minimal invasive technique, spreading
the paravertebral muscle fibers using sequentially en-
larging tubes instead of stripping them from the spine,
we demonstrated that it is possible to insert these larger
epidural electrodes under local anesthesia, making trial
stimulation with these electrodes possible, and avoiding
the postoperative complaints due to muscle splitting. In
our view, this adds an extra argument in favour of this
plate electrode technique since the stimulation pos-
sibilities of these leads are increased. We used the
METRx™ tubular retractor system, which is used for
percutaneous, endoscopic removal of lumbar disc her-
niations [1], but later used for other minimally invasive
spinal procedures as well [3, 10]. Clearly some changes
of the technique are necessary for this specific purpose.
The approach of the spine is different compared with
the approach for disc surgery. Some instruments were
modified by ourselves and an introducer was developed
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(Fig. 3). Further modifications of the instruments will
make insertion of the leads probably even easier.

The excellent technical results so far, in difficult cases
after revision surgery, and the satisfaction of the patients
both with the procedure itself and the little postoperative
pain complaints lead us to conclude that this technique
can be considered a very useful alternative to the classi-
cal operative procedure for inserting dual lead electro-
des. It can be offered to patients with a good, but only
partial effect after single lead stimulation or to patients
with a short stimulator life-span due to use of high
amplitudes. It remains to be seen whether this technique
will replace the classical percutaneous technique in the
future. A prerequisite, however, is a well-motivated pa-
tient willing and able to detect electrical stimulation
perioperatively under local anesthesia.
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classical midline laminotomy technique versus minimal invasive
unilateral technique combined with spinal anaesthesia
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Summary

The implantation of surgical electrodes is still considered painful and
invasive. Is there a possibility to diminish these disadvantages by ap-
plying a less invasive implantation procedure at the thoracic level and
eventually combine this approach with a less stressful paresthesia cover-
age testing in the intraoperatively awake patient? In this paper, the
postoperative outcome of two surgical techniques to insert surgical plate
electrodes at the thoracic level is compared. In a prospective single blind
study, the Classical Midline Laminotomy technique (CML) is opposed
to a Minimal Invasive unilateral Technique (MIT). There were ten pa-
tients in each group, allocated at random. Postoperative pain was mea-
sured by an unbiased third party on the first and third day after electrode
implantation using the Visual Analogue Scale (VAS) score. Length of
hospital stay was compared in both groups. Patients were asked if they
would, if necessary, undergo the same procedure again. In all com-
parisons, the MIT group scored significantly better. It can be concluded
that a minimal invasive unilateral technique has some advantages over
midline laminotomy. Refinements of the implantation procedure are dis-
cussed, i.e minimal invasive unilateral technique in combination with
spinal (intrathecal) anaesthesia, surgical hints and the technique’s use in
revision surgery for migrated electrodes.

Keywords: Dorsal column activation; spinal cord stimulation; surgi-
cal electrodes; surgical technique; spinal anaesthesia.

Introduction

Classical indications for implantation of surgical elec-
trodes include: a) replacement of percutaneous test
electrodes after positive trial, b) frequent migrations of
percutaneous electrodes, and c) surgery in the predicted
target area [4]. In some centers, surgical electrodes are
used as first choice, depending on the level of col-
laboration between the neurosurgical and anaesthesio-
logical departments and the reimbursement policies of
governments or health insurance organizations. Surgical
electrodes for spinal cord stimulation have technical

advantages compared to percutaneous electrodes. North
showed a broader stimulation pattern and lower stimula-
tion requirements of surgical electrodes [3]. Villavicencio
saw that surgical electrodes appeared to be associated
with better long-term effectiveness [7]. Percutaneous elec-
trodes may be associated with a higher rate of migration;
electrode migration could be the most common reason
for failure to maintain long-term pain control with spinal
cord stimulation [5]. The disadvantage, however, of
the surgical electrode is the required surgery and its
postoperative consequences. Meyerson, in his comment
on the paper of North, wrote that neurosurgeons should
strive to minimize the invasiveness of the surgical pro-
cedure and the discomfort to the patient [3]. Therefore, a
minimal invasive technique should aim at reducing the
disadvantages (postoperative pain, general anaesthesia
or the stress of a procedure under local anesthesia) and
preferably be combined with an intraoperative awake
paresthesia coverage testing; certainly, if the surgical
electrode is the first electrode a patient receives, the
ideal position of the implant has to be determined during
the surgical procedure.

Comparative study concerning postoperative
outcome

Materials and methods

Twenty patients requiring an electrode at the thoracic level for spinal
cord stimulation were selected at random to undergo MIT or CML
technique. The patients themselves did not know which technique was
to be applied. In all patients, a Specify electrode (Medtronic Inc.,
Minneapolis, MN) was used. All twenty patients suffered from neuro-
pathic pain in one or both legs with or without low back pain, and all had
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undergone previous lumbar surgery. There were eleven female and nine
male patients. All surgical procedures were performed by the same
surgeon, being the author.

The CML technique commences with a midline approach and bilat-
eral subperiosteal dissection of the paravertebral muscles, using electro-
cautery. Then, after cutting the interspinous ligament, the inferior portion
of the superior spinous process is resected and a limited midline lami-
notomy is performed with the aid of a Kerrison rongeur. After partial
flavectomy, the dura is exposed. Usually, a local anaesthetic is adminis-
tered in combination with propofol sedation. In some cases, general
anaesthesia was induced. The position of the electrode is visualised by
fluoroscopy. Using tunnelling devices, the disposable leads are externa-
lized at the patient’s flank.

The MIT technique has been performed in our department since 2002.
A small incision on the midline of about 2 cm at the chosen level is done
after injection of a long-acting local anaesthetic into the skin and the
paravertebral muscles at one side of the spinous process. Meanwhile the
patient has received propofol sedation. After unilateral subperiosteal
dissection with electrocautery, a retractor for micro-lumbar discectomy
(Caspar retractor, Aesculap) is installed. I prefer the Caspar retractor
because it is widely used in all kinds of spinal surgery; it provides good
visibility and offers good manipulation of the microsurgical spine instru-
mentation. I did not have the same feeling with a tubular retractor
system. With a high speed drill with a 6 mm diamond burr head, the
median third of the lamina and the transition of the lamina to the
spineous process of the superior vertebra is undermined (Fig. 1). After
partial flavectomy with a 1 or 2mm Kerrison rongeur, the dura is
exposed up to the midline. When using a Caspar retractor, haemostasis
of epidural veins or of small blood vessels in the epidural fat tissue is no
problem: visibility is very good (using head light and magnifying gog-
gles) and bipolar cautery or the use of bone wax is easy. Then, since
some space under the spineous process has been created, a surgical
electrode can easily be inserted at the midline [6] (Fig. 2). There is no
problem with pushing up the electrode in the spinal canal by two or three
levels while keeping it straight on the midline (Fig. 3). The surgical
electrodes are rigid enough to be raised without encountering too much
resistance. Finally, the disposable leads are externalized at the patient’s
flank as it is done with CML technique.

This unilateral technique might resemble the microsurgical approach
for lumbar disc herniectomy, but there is one main difference: in case of
a herniectomy you will want to end up in the lateral part of the spinal

Fig. 1. High-speed is used to undermine the median third of the lamina
and the area of transition to the spineous process
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Fig. 3. Under fluoroscopic control, the electrode is advanced by two —
three spinal levels into the epidural space

canal, for an electrode you will want your approach to end up as
medially as possible.

During the first postoperative days, both groups received the same
analgesics according to a fixed scheme but with the option to ask for
more. In this period, patients were interrogated by an unbiased third
party.

Results

To assess the postoperative pain, the VAS score was compared
between the two groups on the first and third postoperative day.

The CML group had a mean VAS score of 4 (3—6) against 2.3 (1-3)
of the MIT group on the first postop. day; this is a statistically significant
difference (p = 0.00046). On the third postoperative day, the score was 3
(2—-6) for the CML group as against 1.6 (1-3) for the MIT group; which
is also a significant difference (p =0.00124).

Mean hospital stay for the CML group was 4.1 (4-5) days versus 3.2
(3—4) days for the MIT group being a statistically significant difference
(p=0.00021).
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In the CML group, 70% of the patients would undergo the operation
again, if necessary, versus 90% in the MIT group.

Conclusion

In this prospective single blind study with an independent observer,
the minimal invasive unilateral technique for implantation of surgical
electrodes at the thoracic level was shown to have several advantages as
compared to the classical midline laminotomy including less local dis-
comfort on the first days and a shorter hospital stay. This can possibly be
explained by the smaller muscular trauma in a unilateral approach as
compared with a midline approach for laminotomy. Another explanation
could be that in a unilateral approach, the interspinous ligament and its
innervation are not touched while in midline laminotomy, this ligament
is intersected at the operated level.

Use of spinal anaesthesia and technical
recommendations

At present, the MIT technique at the thoracic level in
our department is performed in combination with spinal
(intrathecal) anaesthesia, as described by the neurosur-
geons from Karolinska hospital in Stockholm [2]. This
means the patient is intraoperatively fully conscious,
painfree and very cooperative in contrast to the proce-
dure with propofol sedation and local anaesthesia. Using
this protocol, the MIT technique combines the advantages
of a fully awake implantation of surgical electrode with
less postoperative discomfort. We call it the *“Duffel
technique” (Fig. 4).

There are many important issues to be borne in mind
while performing an awake procedure in order to cor-
rectly position your surgical electrode. If a surgical lead

[\

Fig. 4. Position and arrangement of the patient, the surgeon and the
equipment in the fluoroscopic operation room (Duffel technique)
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is used with two columns (Specify, Medtronic Inc.,
Minneapolis, MN), it is very important to place your
electrode as straight as possible on the midline of the
spinal canal. When performing the awake test of par-
esthaesia coverage of the target area, it is possible that
the painful area might well be covered although the
electrode is positioned in a rather oblique position on
the midline or straight up but laterally to the spinal ca-
nal. One should not be tempted to stop the procedure at
this point because there is a risk of electrode migration
within the next few weeks. Surgical electrodes can mi-
grate too. It is important to point out that a good cover of
paresthesia alone during an awake procedure does not
necessarily mean long-term good results. The surgeon
should always try to position the electrode as close as
possible to the midline. An additional argument for this
is that later on, reprogramming of the electrode might
be required. Neuropathic pain treatment is indeed a dy-
namic process [1]. In such a case, there are as many
programming possibilities as necessary if the electrode
is positioned as correctly as possible on the midline.
Naturally, this applies also to surgical plate electrodes
with two columns, one on either side, just lateral but
parallel to the midline.

When performing an awake procedure it might be nec-
essary that in order to get paresthesias in the lumbosa-
cral region you have to move your electrode up to level
DS8D9, depending on the information obtained from the
patient at the very moment of paresthesia testing. As
already mentioned above, technicalwise there is no pro-
blem to raise the surgical electrode straight up by two or
three levels away from the level of insertion. Be sure,
however, that the patient does not confuse paresthesias
in his loin or flank with paresthesias in his lower back.
At a higher thoracic level, there is an increased risk of
stimulating the intercostal regions.

For an experienced surgeon average time needed for
the MIT approach, to position the electrode, to do the
awake testing, and to close the wounds amounts to about
70 minutes. Spinal anesthesia in combination with local
anaesthesia so far has covered the duration of the pro-
cedure without problems in all of our 15 cases. Mostly
20mg of bupivacaine was given and injected intrathe-
cally at level L2L3. In one patient with a moderate con-
tra-indication for intrathecal anaesthesia, we even used
successfully an epidural anesthesia at the thoracic level
to implant our surgical electrode.

We also use the MIT technique for revision surgery,
mainly in cases of lateral displacement of the electrode.
At the level of plate electrode (and not at the level of
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insertion into the spinal canal), a small unilateral inter-
laminar approach is performed, the fibrous coat around
the electrode is removed, and the position is adjusted. If
necessary, the electrode then can easily be fixed at the
dura mater with a monofilament (5/0) suture.

The minimal invasive unilateral technique at the thor-
acic level combined with spinal anaesthesia has not
shown any technical limitations so far.

Data can thus easily be gathered intraoperatively for
further studies to compare different stimulation techni-
ques at different levels in the same patient.
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Peripheral nerve stimulation for the treatment of neuropathic

craniofacial pain
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Summary

Treatment of neuropathic pain in the region of head and face pres-
ents a challenging problem for pain specialists. In particular, those
patients who do not respond to conventional treatment modalities
usually continue to suffer from pain due to lack of reliable medical
and surgical approaches. Peripheral nerve stimulation (PNS) has been
used for treatment of neuropathic pain for many decades, but only
recently it has been systematically applied to the craniofacial region.
Here we summarize published experience with PNS in treatment of
craniofacial pain and discuss some technical details of the craniofacial
PNS procedure.

Keywords: Facial pain; neurostimulation; occipital nerve; occipital
neuralgia; trigeminal nerve.

Introduction

When one describes use of peripheral nerve stimula-
tion (PNS) in the treatment of craniofacial pain, the idea
of a new and unusual application of the neuromodulation
approach immediately comes to mind. The interest to
this modality has been increasing over the last few years,
but in fact, this use of electrical stimulation is anything
but new. When about 40 years ago Wall and Sweet tried
to find a new approach for suppression of neuropathic
pain, they inserted an electrode into their own infraorbit-
al foramina and obtained decrease in pain perception
during the entire episode of electrical stimulation [41,
46]. Moreover, in the first article dedicated to the idea of
peripheral nerve stimulation with implantable devices
(even before the dorsal column stimulation, later known
as spinal cord stimulation (SCS) was introduced), one of
the eight patients with neuropathic pain presented with
severe facial pain and had an electrode inserted deep
into the infraorbital foramen; the stimulation resulted
in lasting pain suppression as long as the stimulator

was on [41]. Later, another patient had a system applied
to the temporal area delivering stimulation aimed at
the branches of mandibular nerve [46]. At about same
time, Shelden implanted electrodes wrapped around the
mandibular nerve itself and stimulated them in 3 patients
through an implanted receiver at 14,000 Hz achieving
temporary pain relief [29].

Based on the ‘““gate control theory” of Melzack and
Wall [19], PNS was used in multiple neurosurgical
centers [2, 3, 12, 14, 15, 20, 21, 23, 25, 38, 40], and
in most cases implantation involved surgical exploration
of the peripheral nerve and placement of the flat plate
(“‘paddle”-type) multi-contact electrode immediately
next to it. Unfortunately, the reported results of PNS
approach were not extremely encouraging in terms of
pain relief. In addition to that, the reports of nerve injury
from electrode insertion or stimulation-related fibrosis
made PNS less attractive [11], particularly since the
SCS approach became universally accepted as means
of long-term treatment of medically intractable neuro-
pathic pain of various etiologies. Few enthusiastic cen-
ters continued using PNS for certain neuropathic pain
syndromes [6-8, 16, 27, 30, 36, 37, 42, 43], but the lack
of wide interest among implanters resulted in little
efforts from the device manufacturers in getting ap-
propriate FDA approval for use of their implantable
generators in PNS. Even now, according to the manu-
facturers’ manuals, the only device specifically approved
for peripheral nerve stimulation is a radiofrequency
system made by Medtronic (Minneapolis, MN) while
all other systems, including implantable pulse genera-
tors made by Medtronic, as well as devices made by
Advanced Neuromodulation Systems (Plano, TX) and
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Advanced Bionics (Sylmar, CA) are used for PNS on an
“off-label” basis.

The use of PNS for craniofacial neuropathic pain was
reborn in 1999 in publication of Weiner and Reed that
described percutaneous technique of electrode insertion
in the vicinity of the occipital nerves [44]. Soon after
publication of that pioneer paper, we began using PNS
approach in both occipital and trigeminal regions [31,
32]. Multiple other publications detailing experience of
many centers followed over the next years [1, 4, 5, 9, 10,
16, 17, 24, 26, 28, 33-35, 45] with description of dif-
ferent techniques and applications.

Indications

The indications for PNS are quite specific: it is usually
recommended for patents with neuropathic pain of various
etiologies as long as there is some preservation of sensa-
tion in the area of pain. The four most common indica-
tions that have been described in the literature are (1)
post-herpetic neuralgia involving territory of the trigem-
inal nerve; (2) post-traumatic or post-surgical neuropathic
pain that is related to underlying dysfunction of the infra-
orbital, supraorbital, or occipital nerve; (3) “transformed
migraine” presenting with occipital pain and discomfort;
and (4) occipital neuralgia or cervicogenic occipital pain.
In each of these situations, the patients have anatomical
distribution of pain, their pain is medically intractable,
they had favorable results of neuropsychological testing,
the area of pain is not anesthetic (although hypoesthesia
and hyperesthesia are allowed) and, in the first two
groups, the onset of pain is linked to a certain traumatic,
surgical or infectious event. In most places, a local anes-
thetic block is used to confirm involvement of the specific
nerve into generation of pain, although elimination of pain
with nerve block does not necessarily predict success of
PNS. Therefore, a trial of stimulation is performed in
order to check responsiveness of pain to the stimulation
approach prior to the implantation of permanent system.
Usually, a 50% improvement in pain intensity serves as a
cutoff limit for considering the trial successful.

The psychological evaluation is routinely performed,
at least in our practice, as it became a part of evaluation
of all patients who are considered for pain-relieving sur-
gery. Early detection of somatization, untreated depres-
sion, drug abuse and drug-seeking, as well as various
secondary gains (not necessarily financial) that may not
be obvious to the surgical team, help to predict success
of surgery and address the issues that may negatively
affect the outcome prior to the intervention.
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The nerves that are most frequently selected for sti-
mulation are supraorbital, infraorbital, less often auricu-
lotemporal and supratrochlear, in cases of facial pain,
and greater and lesser occipital nerves in cases of oc-
cipital pain. In our opinion, stimulating the nerve itself
may be more effective comparing to the field stimula-
tion, but this is debatable as those implanters who prefer
field stimulation achieve very similar clinical results in
terms of improvement and overall success.

Surgical procedure

The electrode(s) are inserted for the trial in sterile
conditions either under local anesthesia or under seda-
tion augmented by infiltration of the insertion site with
local anesthetic. Since the procedure is short and the
surgical site is quite superficial, general anesthesia is
almost never needed.

The direction of electrode insertion may be chosen
based on implanter’s preference: we routinely insert
electrodes from lateral to medial not only in the supra-
orbital and infraorbital regions (where it is probably the
only way to put them) but also in the occipital area [35],
whereas others prefer to insert electrodes from medial to
lateral [1, 26]. Standard 4- or 8-contact electrodes are
used; the electrodes are passed in the epifascial plane
under the skin but above the muscles. Our general ap-
proach is to have the electrode cross the path of the
nerve chosen as a stimulation target. As long as this
nerve happens to be either under one of the electrode’s
contacts, or between two contacts, the stimulation can be
steered toward it in order to get adequate coverage. For
the trial insertion, we do not implant any deep anchors or
extensions. The electrodes are sutured to the skin with
plastic anchors and fine nylon, and a strain-relief loop is
created around the insertion site to avoid inadvertent
electrode pullout.

The electrodes are inserted under fluoroscopic gui-
dance. Standard landmarks are used for the insertion —
the supraorbital groove or foramen and the supraorbital
ridge for the supraorbital nerve; the infraorbital foramen
and the floor of the orbit for the infraorbital nerve
(Fig. 1); C1 arch and radiographic midline for the occip-
ital nerves (Fig. 2). In the beginning, we tested each
patient for stimulation-induced paresthesias in the oper-
ating room so the position of the electrode could be
adjusted if needed. Lately, however, we exclusively rely
on anatomical electrode positioning due to its high relia-
bility in getting appropriate coverage. This resulted in
significant improvement in patient’s comfort associated
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Fig. 1. Radiogram of infraorbital nerve stimulation electrode

Fig. 2. Radiogram of bilateral occipital nerve stimulation electrodes

with deeper sedation that may be used now since the
patient’s cooperation is not needed. The electrode is
covered with sterile dressing and attached to the external
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stimulation system; the initial programming is per-
formed to produce adequate paresthesias in the painful
area; the patient is instructed on adjustment of stimulator
depending on activity and pain level; and antibiotics are
prescribed for the duration of trial to avoid development
of superficial infection (although this particular step is
not supported by any clinical evidence).

Once the trial is completed, the temporary system is
replaced with the permanent one. We prefer to remove
the temporary electrode and then insert a brand new
permanent electrode that is connected either directly to
the generator or to an extension cable that connects to
the generator. The electrodes that we use are cylindrical
“wire”’-type (such as Quad, Octad, Quad Plus or Quad
Compact, Medtronic; Qattrode, Octrode or Axxess,
ANS; and Linear, Advanced Bionics). Other groups re-
ported using “‘plate”-type (“paddle”-type) electrodes
(Resume, Resume II or Resume TL, Medtronic) for
stimulation of occipital nerves. Implantation of such
electrode may be preceded by a trial with “wire”-type
electrodes [10] or the trial may be done with ‘“‘plate’-
type electrode connected to a temporary extension [24].
In all cases the electrodes are placed over the course of
the peripheral nerve that supplies the painful area and
may be involved in generation of pain.

The electrodes or extension cables are tunneled toward
the generator pocket. The tunneling step is quite painful
and necessitates the use of general anesthesia. Location of
this pocket is chosen based on the patient’s and surgeon’s
preference. Placement of generator into gluteal area [10,
28], abdominal wall [5, 44], or infraclavicular areas [9,
24, 33, 35, 44] has been described. In our opinion, infra-
clavicular area that is routinely used for placement of
deep brain stimulation generators is preferred location
for both trigeminal and occipital nerve stimulation sys-
tems. We recently analyzed experience of patients with
infraclavicular generators and found extremely high level
of their satisfaction with this particular location [39].
Independently of location, the pocket should satisfy cer-
tain requirements: it has to be deep enough to avoid hard-
ware erosion; it should not be too deep to interfere with
reprogramming or, in case of rechargeable devices, their
regular charging; and it should be located in a relatively
immobile region as the hardware may fail if subjected to
repetitive mechanical stress.

Results

So far, all published reports on the use of peripheral
nerve stimulation for control of neuropathic craniofacial
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pain have shown significant and lasting improvement
in pain intensity. Below, the published experience is re-
viewed based on treated diagnoses, although one has to
keep in mind that the labeling painful conditions may be
difficult at times.

The biggest group of patients suffered from occipital
neuralgia and cervicogenic headaches. The pain in these
patients is located primarily in the occipital region and
the upper part of neck sometimes radiating toward the
vertex or even the forehead. The occipital nerves that
arise from upper cervical nerve roots participate in these
pain syndromes and this participation is usually con-
firmed by the greater and lesser occipital nerve blocks.
Weiner and Reed in 1999 reported improvement in all 13
patients with unilateral or bilateral occipital neuralgia
that underwent occipital PNS implantation with average
follow up of 2 years [44]. Later, same authors reported
80% success in a group of 62 patients with intractable
occipital headaches [45]. Hammer and Doleys presented
a patient with occipital neuralgia who was implanted
with obliquely placed 8-contact electrode; she maintain
90% improvement in pain intensity as well as improve-
ment in most psychological indicators [5]. Oh et al
described excellent and good outcome in 10 out of
10 patients with occipital neuralgia at 1 month follow
up (>75% pain relief), but that effect persisted in 8 out
of 10 at 6 month follow up [24]. Rodrigo-Royo et al.
reported 3 patients with occipital pain and headaches
and 1 patient with postherpetic occipital pain; all of
them improved with occipital PNS and this improve-
ment persisted till last follow up 4 to 16 months post-
implantation [28]. Six patients with occipital neuralgia
who underwent implantation of ‘“paddle”-type electro-
des maintained significant improvement at 3-month
follow up in a pilot study of Kapural ef al. [10]. In our
series, i.e. a group of 14 patients with occipital neural-
gia, 10 patients exhibited improvement of pain during
the trial and underwent implantation of a permanent
system. The beneficial effect of chronic occipital PNS
persisted in 80%, of those who significantly improved
during the trial, over the follow up period of average of
22 months [35].

Another, potentially very common, indication for
occipital PNS is the so-called transformed migraine.
Migraine is a very common affliction, and frequently
it is medically intractable. Recently, pain physicians
started linking occipital neuralgia with “spinally trans-
formed migraine” sometimes using these terms inter-
changeably [1]. Popeney and Al6 reported results of
occipital PNS in 25 patients with chronic disabling
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transformed migraine; at a mean follow up of 18 months
improvement in migraine disability assessment score
was almost 90% [26]. All 10 patients with severe
chronic migraine who were used in a PET study of
Matharu et al. achieved excellent pain relief with sub-
occipital stimulators (although one patient also required
bilateral supraorbital stimulation) [17]. Whereas these
two studies used percutaneous, ‘“‘wire”’-type electrodes,
Oh et al. reported 10 patients with transformed mi-
graines that underwent implantation of ‘“‘paddle’-type
electrode (7 of them had initially percutaneous electro-
des that migrated and were replaced with surgical leads);
all 10 had >75% pain relief both at 1 and 6 months after
the implantation [24].

Indications for trigeminal branch stimulation are lim-
ited primarily to trigeminal neuropathic pain and post-
herpetic neuralgia. In one case, supraorbital stimulation
was used in addition to bilateral occipital PNS for treat-
ment of chronic migraine [17]. Treatment of postherpet-
ic neuralgia involving the ophthalmic nerve distribution
using PNS technique was first described by Dunteman
in 2002; two patients had unilateral supraorbital PNS
implants and maintained excellent pain relief for 3 years
[4]. Johnson and Burchiel reported their results in 4
patients with postherpetic neuralgia affecting supraorbit-
al region; 2 of these patients maintained >50% of pain
relief after 2 years of follow up [9].

As to the post-traumatic or post-surgical neuropathic
trigeminal pain, Burchiel reported more than 50% im-
provement in pain intensity in all patients who un-
derwent permanent implantation of PNS system since
1998 [31, 32]. In a group of 6 of these patients, 1 failed
to improve during the trial, and the remaining 5 main-
tained significant (>50%) improvement of pain with
mean follow-up longer than 26 months [9]. We observed
similar results; seven of 8 patients proceeded with im-
plantation of permanent PNS system, one had the system
removed 26 months later due to gradual loss of bene-
ficial effects and the improvement in pain intensity, and
the remaining 6 patients maintained 63—-86% of pain
improvement (a mean reduction of visual analog scale
score of 74%) over 27.5 months of follow up [33].
In Burchiel’s experience, out of 6 patients with non-
herpetic trigeminal neuropathic pain, supraorbital and
infraorbital distribution of pain was observed in 3 pa-
tients each [9]; in our patient cohort, 2 patients had in-
fraorbital, 2 — unilateral supraorbital, and the remaining
patients had bilateral supraorbital, unilateral infra- and
supraorbital, unilateral infraorbital and occipital, and
unilateral supraorbital and occipital pain.
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Overall rate of complications was low; the majority of
complications (wound breakdown, skin erosion, focal
infections, discomfort due to short extension, etc.) were
minor, and even if additional interventions were needed,
none caused any serious or lasting problem.

As the experience with the use of PNS for craniofacial
pain treatment grows, one may expect better definition
of criteria predictive of lasting beneficial outcome. Pub-
lication of larger clinical series will likely result in wider
acceptance of this treatment approach; its low invasive-
ness, testability, reversibility of effect and adjustability
of settings may make it a preferred modality for other-
wise intractable conditions.

The directions of future advances will also include
development of neural prosthetic devices and hybrid
bionic systems [22] and even less invasive single-chan-
nel and multi-channel micromodules [13]. Other targets,
such as the vagal nerve, are also being investigated
(and show some promise) for the treatment of chronic
migraines and cluster headaches [18].
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current state and future prospects
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Summary

Migraine is a common disabling malady. Despite the development of
therapeutic agents such as the triptans, a significant number of patients
continue to suffer. The evolution of peripheral nerve stimulation for head-
ache management, may significantly improve the management of those
who suffer from moderate to refractory migraine symptoms.

Keywords: Migraine; occipital nerve; neuromodulation; Bion®™.

Introduction

Pain is the most common complaint that elicits a con-
sultation with primary care physicians. The most com-
mon pain syndromes include headaches. It is estimated
that 17% of the adult female population, 6% of the male
population, and 5—10% of children suffer from migraine
headaches. Migraine headache are most prevalent in the
second to fourth decades of life, however a significant
number of patients suffer from migraine headache after
the age of 60 [16].

An accurate estimate of the economic impact of mi-
graine headaches has been difficult to obtain. Most stud-
ies attribute the large economic burden to costs associated
with decreased functional status and the consequent in-
direct cost to employers. Studies estimate that the aver-
age number of migraine attacks per year is 34 for men
and 37.4 for women and that 58% of the attacks require
bed rest. Moreover, annual medical treatment costs for
migraine in the United States have been estimated to
exceed 1 billion health care dollars. Female patients ac-
counted for 80% of the total cost, physician office re-
lated expenses accounted for 60% of the total cost, and
prescription drugs accounted for 30%. However, a sur-
prising finding is the low cost of emergency department

treatment for migraine headache which accounted for
less than 1% of total cost. The cost of missed workdays
and impaired performance because of migraine is esti-
mated at $18 billion [16, 9].

Several studies revealed that the majority of patients
with migraine headache remain undiagnosed and un-
treated. It is estimated that half of all patients that meet
the International Headache Society (HIS) criteria for mi-
graine headache remain undiagnosed [9]. A recent study
by Sheftell ef al. identified several barriers for care in-
cluding identifying migraine sufferers in need of care
as not all headache patients may need care, improving
medical recognition, improving medical diagnosis, im-
proving medical confidence, improving migraine treat-
ment, and assessing treatment outcomes [14].

Patients that end up with chronic daily headache or
chronic daily migraine tend to be very refractory and
resistant to treatment. A three-year retrospective study
conducted in 271 patients had their headaches diagnosed
as either, chronic daily headache, episodic tension type,
episodic migraine or mixed headache. These patients
sought other types of treatment and in this instance
Botulinum toxin type A due to the fact that 77% were
refractory to oral medications and 48% had overused
their medications during a migraine attack [4].

Another study by Bigal ef al. indicated important
differences in the relative frequency of chronic daily
headache (CDH) subtypes among adolescents and adults.
The study indicated that transformed migraine (TM) ac-
counts for 69% of CDH in the adolescent population, in
comparison to 87% in adults. These results are broadly
compared with other studies from US headache centers,
which report that most adults with CDH have TM.
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Results of this study indicated that medication overuse is
an important factor as it was present in 71.5% of adults
and 41% of adolescents [3].

In general, patients with comorbid medical or neuro-
logical illness are often more difficult to treat. Several

Table 1. Acute treatment of migraine attacks
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comorbid diseases have been associated with migraine
patients with a greater frequency as would be expected
by chance alone. Migraine is associated with depression,
anxiety disorders, clinical and sub clinical brain lesions
and other types of chronic pain. Moreover, these patients

Drug/dose Level of evidence Scientific data Clinical impression Adverse effects

Chlorpromazine +/ ++ ++ ++ ++

0.1-1 mg/kg IM

12.5-37.5mg IV

Metoclopramide ++ +/++ +/ ++ +/-

10 mg IM, 20mg PR

0.1 mg/kg to 10 mg IV

Prochlorperazine ++ +++ IV>IM>PR 4+

10mg IM/IV, 25mg PR

Butalbital /aspirin/caffeine + - +++ +/-

Plus codeine ++ ++ 4+ +/—

DHE + antiemetics ++ ++/+4++ +++ +++

1 mg IM/IV/SC

DHE nasal spray +++ +++ +++ +++

Ergotamine =+ caffeine ++ + ++ +++

Ketorolac IM ++ + ++ ——

30-60 mg

Aspirin 500-1000 mg

Ibuprofen 400-2400 mg +++ ++ ++ __

Naproxen sodium

750-1250 mg

Diclofenac potassium

50-100 mg

Flurbiprofen 100-300 mg ++ +/++ ++ —

Naproxen 750—1250 mg

Piroxicam 40 mg

AAC +++ +++ ++ +/-

Butorphanol nasal spray

Acetaminophen plus codeine ++/+++ ++/+++ ) S

Parenteral opiates

Sumatriptan

Intranasal, oral, SC

Rizatriptan +++ +++ +++ ++

Zolmitriptan

Naratriptan 4+ 44 ++ N

Dexamethasone IV + + ++ +/—

Isometheptene ++ + 44 +/-
and combinations

Lidocaine intranasal ++ ++ - ++

IM Intramuscular; /V intravenous; PR rectally; DHE dihydroergotamine; AAC acetaminophen, aspirin and caffeine; SC subcutaneous.

Level of evidence: +++ Consistent evidence from multiple randomized clinical trials that is relevant to the recommendation, ++ randomized, clinical
trials support the recommendation however, the evidence was not optimal. For example there were few trials, evidence was inconsistent or the patient
population was different from the target patient population, 4+ no relevant randomized clinical trials exist. Scientific data: 0 The medication is
ineffective or harmful, + the effect of the medication is either not statistically or clinically significant, 4+ the effect of the medication is statistically
significant and exceeds the minimally clinically significant benefit, -+ + the effect is statistically significant and far exceeds the minimally clinically
significant benefit. Clinical impression: 0 Ineffective: most people gain no improvement, + somewhat effective: few people gain clinically significant
improvement, ++ effective: some people gain clinically significant improvement, +++ very effective: most people gain clinically significant

improvement.
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Table 2. Preventative treatment of migraine
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Drug/daily dose

Level of evidence

Scientific data

Clinical impression

Adverse effects

Clonidine/guanfecine ++
Carbamazepine 600 mg ++
Divalproex sodium

Sodium valproate +++
500-1500 mg

Gabapentin ++
Topiramate +
Anmitriptyline 25-150 mg +++
Nortriptyline +
Protriptyline

Doxepin +
Imipramine

Fluoxetine ++
Fluvoxamine

Paroxetine +
Sertraline

Phenelzine +
Other antidepressants +
Propranolol +++
Timolol +++
Atenolol

Metoprolol ++
Nadolol

Diltiazem

Verapamil ++
Nimodipine

Methylergonovine +
Methysergide +++

+/- - +/-
++ - +/ ++
+4++ +4++ +/ ++
++ ++ +/ ++
- ++ ++
-+ 4+ 4+
- +4+ 4+
- +/ ++ +++
+ + +

- - +

- 4+ 4+
- + +

++ +++ +/-
+++ ++ +/-
+/ ++ ++ /A +/-
+/- +/- +/++
- + +4++
4+ 4+ 4+

Level of evidence: +++ Consistent evidence from multiple randomized clinical trials that is relevant to the recommendation, ++ randomized, clinical
trials support the recommendation however, the evidence was not optimal. For example there were few trials, evidence was inconsistent or the patient
population was different from the target patient population, + no relevant randomized clinical trials exist. Scientific data: 0 The medication is
ineffective or harmful, + the effect of the medication is either not statistically or clinically significant, ++ the effect of the medication is statistically
significant and exceeds the minimally clinically significant benefit, 4+ 4 the effect is statistically significant and far exceeds the minimally clinically
significant benefit. Clinical impression: 0 Ineffective: most people gain no improvement, + somewhat effective: few people gain clinically significant
improvement, ++ effective: some people gain clinically significant improvement, +++ very effective: most people gain clinically significant

improvement.

are more likely to have a negative cardiovascular risk pro-
file and to have certain congenital heart defects such as
patent foramen ovale [13].

Several treatment options are now available for mi-
graine headache; however, effective management of mi-
graine headache should incorporate a multidisciplinary
approach. Recently, evidence-based, multispecialty, con-
sensus guidelines were developed by the US Headache
Consortium in an effort to enhance the care of migraine
patients and their recommendations will be outlined.
Evidence-based guidelines for headache management
were released in 2000 by the US Headache Consortium
(USHC), which was made up of a multidisciplinary panel
of professional organizations. The main goal was to

establish treatment guidelines in four distinct areas of mi-
graine management: diagnostic testing, pharmacological
management of acute attacks, preventive therapy, and be-
havioral and physical treatments of migraine. Levels of
evidence, quality of evidence, scientific effect measure,
and clinical impression of effect scales and the recom-
mendations for the acute and preventive treatment of mi-
graine headache will be outlined in Tables 1 and 2 [15].

Occipital nerve stimulation

Evolution of occipital nerve stimulation (ONS) as a
therapeutic alternative for migraine, reflects an extension
of traditional peripheral nerve stimulation for neuropathic
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pain states. The linkage of the occipital nerves and head-
aches, begins with appreciation of the neuroanatomic
pathways between the upper cervical nerve roots of
C1-C3 and the trigeminal nerve nuclei. It is by means
of these anatomic connections the physiologic event of
convergence Occurs.

Understanding of the trigeminal-cervical [7] pathways
has contributed to interventional management of head-
aches. Procedures such as occipital nerve blocks, C2-C3
facet procedures, C2 selective nerve blocks as well as
their associated neurolytic interventions have significant
utility for acute headaches with dwindling relief in the
chronic setting.

Bartsch and Goadsby [1] have illustrated the clinical
importance of trigeminal-cervical pathways through a
series of animal models, which explain the impact of
occipital nerve stimulation on the trigeminal pathways
and vice versa. Understanding these interrelationships, is
critical to transforming basic science into a sound thera-
peutic rational for ONS as a therapy for refractory mi-
graine patients.

The earliest coherent history of this therapy begins
with Weiner’s [18] original paper, which displayed how
a group of headache patients underwent treatment with
neuromodulation, via a percutaneous approach. The
therapeutic implications of this new treatment reflected
a therapy paradigm shift. More importantly, Dr. Weiner’s
preliminary data suggested the potential to develop a
new management scheme for these challenging head-
ache patients.

A review of the current literature shows the number
of published case series and technical papers for ONS
is small and represents the infancy of this therapy. The
outline below of published reports is a good represen-
tation of the current evolutionary trends of this new
treatment.

1999 Weiner et al., Peripheral neurostimulation for the
control of intractable occipital neuralgia.

2000 Weiner, The future of peripheral nerve stimulation
[17].

2003 Dodick, Occipital nerve stimulation for chronic
cluster headache [6].
Popeney et al., Peripheral neurostimulation for the
treatment of chronic disabling, transformed mi-
graine [12].

2004 Matharu et al., Central neuromodulation in chron-
ic migraine patients with suboccipital stimulators:
a PET study [10].
Oh et al., Peripheral nerve stimulation for the treat-
ment of occipital neuralgia and Transformed
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Migraine using a C1-2-3 subcutaneous paddle style
electrode: a technical report [11].

2005 Kapura et al., Occipital nerve electrical stimula-
tion via the midline approach and subcutaneous
surgical leads for treatment of severe occipital
neuralgia [8].

These articles are not complete representations of the
literature of ONS therapy from 1999 to 2005. During
that time there were many associated abstracts and oral
presentations, but these case series and technical reports
represent the essence of this therapy.

During the earliest phase of ONS, trials and resulting
implantations, were based upon the preliminary diagnosis
of occipital neuralgia. A suggestion of the potential for
success was a positive response to neural blockade. Thus,
the therapeutic course mirrored the traditional algorithm
for peripheral nerve stimulation for neuropathic pain.

Evolution of this therapy followed two significant
events. The first consisted of trialing and implantation of
patients who had failed medical and interventional mea-
sures, with significant positive responses. The second
consisted of evaluation of a group of Dr. Weiner’s patients
by PET scan. This proved that 8/10 occipital neuralgia
patients had migraine, as well as a potential central
scheme for pain relief. As a result of the PET scan study,
the peripheral and central elements of ONS as well as their
neurophysiologic implications are readily appreciated.

The current literature of technical case series, explores
the typical range of diagnoses treated with this therapy:

1. Occipital neuralgia
2. Cervicogenic headache
3. Transformed migraine

Patient selection

Treating the refractory patient begins with ascertain-
ing the fitness of this intervention for the individual. The
preliminary inclusion and exclusion principles are essen-
tially identical to traditional neuromodulation implanta-
tion selection schemes used in peripheral nerve and
spinal cord stimulation. These decisive factors include,
defined diagnosis, refractoriness to conservative therapy,
absence of addiction, absence of psychological contra-
indications or tissue related causes such as infections at
the site of proposed trial or implant.

Defining refractoriness is complex, given the infancy
of this therapy. A unified standard for ‘“‘treatment refrac-
tory”’ patients has yet to develop. Personal experience as
well as the literature [5] has demonstrated that patients
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with migraine may have a significant response to inter-
ventional measures. Thus, any guidelines for treatment
failure may have to be inclusive of failure to medical and
interventional therapies. This definition will have greater
clarity as we define where this therapy fits into the cur-
rent therapeutic scheme for management of these diffi-
cult patients.

Understanding this therapy requires a detailed de-
scription of its component step from patient selections
to final implant. This author’s (LLR) implantation prac-
tice begins with trialing and implanting only patients
who are under the care of a neurologist with subspeci-
alty expertise in headache. This author finds this has
contributed to the long-term success of patients by en-
suring optimal pre-implant evaluation with proper diag-
nosis. In addition, the continued availability of ideal
medical management throughout all phases of this ther-
apy facilitates the most favorable outcomes.

This author begins evaluation of the medical patient
with a systematic review of the checklist outlined below.
This checklist represents the various phases of the plan.
These include, preliminary evaluation, trial, implant or
both trial and implant.

The primary concern before a trial of these patients,
is to explore suitable non-surgical choices that may
provide long-term relief of the patient’s presenting
symptoms. A special concern is the issue of pregnancy
and neuromodulation. A significant number of the women
evaluated are of childbearing age. The pulse generators
used have never undergone evaluation in pregnancy, for
obvious ethical reasons, and thus potentially represent a
relative contraindication to those seeking to become
pregnant. Cyberonics® (Vagal nerve stimulation) has
received post market approval for the use of their pulse
generator in pregnancy, with no complications in the
small patients series followed.

ChecKlist

1. Treatment refractory (medical), absence of contra-
indications

2. Evaluate for response to interventional therapies
(decide if a cervicogenic component is present)

3. Behavioral medicine evaluation

4. Absence of medical contraindications

5. Trial; I use an operating room, several environments
may be acceptable.

6. Surgical approach
— Medial vs. Lateral (lead)
— Prone vs. Lateral
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7. Lead type
— Cylindrical vs. Paddle style
— Four electrodes vs. Eight electrodes
8. Number of Leads
— Unilateral vs. Bilateral
9. Trial period
— Five—seven days
10. Anchoring mechanism
11. Pulse generator
— Non-rechargeable vs. rechargeable
— Placement site
— Size
12. Soft cervical collar
— Trial and implant
13. Stimulation parameters
14. Defining success

Headache patterns

Few if any of the published literature on ONS pro-
vides any visual representation of the presenting head-
ache patterns of these implanted patients. In this authors
practice experience, several distinct anatomic patterns
benefit from this therapy:

C2 pattern (unilateral or bilateral): Radiation from
Occiput to vertex/frontal region and vice versa. May
include peri/retro-orbital pain. Unilateral vs. bilateral
presentation.

Frontal pattern: Bilateral vs. unilateral.

Holocranial: No dominant side, often have significant
component involving the vertex.

Surgical technique

Anesthesia for the procedure typically consists of
moderate sedation, to facilitate patient-implanter com-
munication and lessen the risk associated with a sedated
patient in the prone or lateral position, with poor ac-
cess because of the surgical field. This author has used
ketamine as a primary or adjunctive agent during the
implant, because of marked analgesia with preservation
of spontaneous respiration.

Most of the ONS literature describes Weiner’s tech-
nique to position the leads at (C1-C2). None of the im-
plant techniques described in the literature provide any
hint of the difficulty or the time frame needed to gain
satisfactory paresthesias in the typical patient. A review
of the literature, with respect to the occipital nerve anat-
omy [2], indicates it can be found 5-28 from the midline
on either side, along the intermastoid line.
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I perform the procedure using the midline, to approach
the C1-C2 and the intermastoid levels under fluoroscopy.
The intermastoid approach provides an advantage in read-
ily locating the occipital nerve, at this author’s experi-
ence; neither technique provides a significant advantage.
The intermastoid line approach could have significant
utility for practitioners early in their experience.

Lead placement via the curved Tuohy needle, is im-
proved with, proper curvature of the needle mirroring
the occiput, as well as placing the needle in the mid-
portion of the subcutaneous tissue. To ease ideal needle
placement, I create a small incision (for trials) down to
the subcutaneous tissue. Rapid placement of the leads
with as few passes as possible results in the best stimu-
lation patterns. Paresthesias radiating to the vertex at low
amplitude will improve the trial. The ideal lead for this
therapy has not been determined as of yet. Cylindrical
leads are problematic due to the frequency with which
migration occurs. Until this issue is resolved, we can-
not address the issue of whether any particular lead
type adds specific benefits based on the individual pa-
tient characteristics.

The question of whether to place unilateral versus
bilateral leads has not been fully clarified. Typically
6—16% of migraines tend to be “side-locked”. The
current literature demonstrates several cases of unilateral
lead placement returning for lead placement on the con-
tralateral side. This is similar to my own experience.
Reevaluating these cases, it was clear it would have been
technically easier, and cost-effective to implant bilateral
leads in all patients with unilateral headache patterns.

Securing the leads in place with the supplied anchor is
helpful to minimize the risk of suboptimal trial by lead
displacement. The anchors supplied with all the implant-
ing kits are challenging for this procedure. The anchor I
have had the most success with has been the Twistlock
(Medtronic Corp). The feature that improves this anchor
is the twist lock feature that consistently grips the lead
with the same amount of force irrespective of operator
skill. This removes one maneuver required to secure
the leads. The limitation of this anchor is the size and
hardness.

Lead migration

Anchors and anchoring mechanisms have become an
important part of the discussion, and evolution of this
therapy. Migration rates in the current literature have
been in the 30-50% range with the cylindrical leads.
The resulting frustration has caused some practitioners to
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abandon the technique; in addition the migration issues
resulted in changing the technique using surgical paddle
style leads. Thus far, there has been no migration with
these leads. The difficulty with paddle lead is the in-
creased dissection needed at the occiput.

I have experienced few migrations with implants over
the years. I credit that to use of the Twistlock anchor,
creating two strain loops (one in the occiput and a sec-
ond at the electrode/extension level T1-T2). In addition
all patients are required to wear a soft collar to minimize
neck mobility during the trial and implant. After the im-
plant patients, are required to wear the soft collar for
six weeks.

Within a week of definitive implantation, I refer pa-
tients to a physical therapist (who understands the im-
plantation process). The goals of this single session were
to gradually extend the thoracic loop, which is not an-
chored by suture. During this time, the therapist teaches
the patients how to limit their cervical range of motion.
The overall benefit is reduction of stress to the leads,
and decreased episodes of lead disruption with loss of
paresthesias.

Recently, I have explored using small profile silicone
anchors with silicone glues. In conjunction with the glue,
three nylon sutures were applied around the anchor. A
single suture to secure the lead and anchor together after
the Silicone glue has been applied; two more sutures are
used to secure the lead/anchor unit to the tissue.

Trial period

The trial period is variable with experiences extending
from on the table trials to seven days for most practi-
tioners. Concerns of infection are one reason that deci-
des the length of the trial for many practitioners.

The impact of the trial period has not been clarified.
Clearly those patients with ideal responses undergo a suc-
cessful trial in a short period of time. My current anecdot-
al experience suggests that roughly 10-15% of patient’s
do not gain any satisfactory clinical response during the
trial. On the contrary anecdotal experience suggests that
many patients experience progressive improvement in
their responses after implantation. This clinical experi-
ence is suggestible that some patients may display an
optimal therapeutic response to an extended trial period.

Soft collar

Using a soft collar is not universal among implanting
doctors. I have used soft collars on all my patients for
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trial and implant. The goals were to reduce motion of the
hypermobile neck with a simple reminder, and promote
lead scarring without disruption.

Since the collar is not used in a uniform fashion, and
the implanter skill variable levels and lead securing tech-
niques are inconsistent, the impact of the soft collar is
unclear for the implant population as a whole.

Pulse generator

The most recent evolution in pulse generators has
brought rechargeable, smaller size and the ability to steer
the current more effectively. The small size (Advanced
Bionics) and rechargeability are the features that im-
pacted my implant experience. Many of my implanted
patients were young women, despite their significant
debilitation; aesthetics and repeat surgical procedures
were of concern. Patients who had reviewed the choices
through self-education and direct questions to me often
chose a rechargeable pulse generator. To date, all major
neuromodulation companies have a rechargeable power
source.

As this field matures, the ideal patient selection may
include determining whether any of the unique elements
of the various commercially available pulse generators
offer any specific advantages.

Stimulation parameters

Stimulation parameters are quite broad within the cur-
rent ONS literature. Table 3 represents the wide range of
the variables encountered. The absence of physiological
parameters that can be readily followed in response to the
therapeutic effect, probably contributes to the relatively
extensive range of these variables.

Prior to the availability of rechargeable pulse generators,
programming represented a balance between ‘“‘optimal”’
stimulation patterns versus preservation of the implant-
able pulse generator (IPG) lifespan. The advent of these
new IPG’s facilitates focusing on the parameters best
suited for the individual patient.

Defining success

The most critical element of the trial process is a goal-
oriented determination of what should be considered a

Table 3. Stimulation parameters in ONS

Pulse width (msec) Amplitude (volt) Pulse rate (Hz)

90-400 0.5-8.5 55-130
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successful outcome for the patient and physician. This
can be the challenging element of this process because
the individual characteristic of each patient may not
lend himself or herself to a singular acceptable outcome
scheme.

Most of the migraine patients implanted by this author
have continued to use their migraine medications, and
what has mainly changed has been the degree of use.
Many patients have had a marked drop in their medi-
cation requirements, which were suboptimal, and now
have increased efficacy. The current literature does not
clarify the nature of the post-implant relationship be-
tween patient and their medical headache specialist.

Evolving this therapy will require that we define
whether it is a stand-alone versus adjunctive therapy.
I would anticipate that based on the experience with
the vagal nerve stimulators for epilepsy and depression,
the latter will be most likely. In that regard the medical
headache practitioner must continue to be a critical part
of the therapeutic team post implantation.

The future of occipital nerve stimulation

Occipital nerve stimulation has evolved as a therapy
with the introduction of the Bion Microstimulator,
(Advanced Bionics Corp. Sylma California), Figs. 1
and 2. This new microstimulator is a self-contained
device with a rechargeable battery. The Bion measures
27 mm in length and 3 mm in diameter. The absence of
leads reduces the risk of migration and fracture. The
absence of leads potentially enables patients to return
to full activity with essentially no restrictions (personal
experience 13 patients, LLR).

One of the most important attributes of the Bion is
the possibility of a single stage procedure, i.e. in those
patients who respond to the initial implant the ‘“‘trial”

Fig. 1. Bion and introducer
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Fig. 2. Bion deployed

becomes the definitive implant with no further interven-
tions. Implantation time was also quick. Surgical time
ranged from 15 to 30 minutes in most cases.

The Bion is monopolar and is placed in proximity to
the Occipital nerve via a percutaneous approach using
specialized tools and an injection tool. The minimally
invasive injection approach resulted in rapid recovery
after the procedure during the preliminary feasibility
study.

The preliminary feasibility study implants were all
unilateral. The intermastoid line was the major anatomic
landmark. Along this line the occipital nerve was readily
found using a nerve stimulator incorporated into the
Bion deployment tool. Patients were extremely receptive
to this device due its miniature form. Preliminary eva-
luation of the therapeutic response is promising and
the greatest obstacle was the unanticipated need for
patients to undergo excessive charging. Nonetheless,
many patients would repeat the experience. The Bion
is in its next phase of development and it is anticipated
that this power source issue will be resolved. Future
Bion development may also facilitate the utilization of
this device at earlier stages with anticipated improved
outcome.

The evolution of the Bion may well change the point
at which we can introduce neuromodulation into the
routine management of headache. The ability to extend
“state of the art” medical therapy in conjunction with
early neuromodulation therapy may change the rate at
which transformed migraine occurs in this population.
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Occipital neurostimulation for treatment of intractable headache syndromes
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Summary

Intractable migraine and other headache syndromes affect almost 40
million Americans and many more millions worldwide. Although many
treatment protocols exist, mainly designed around medication regimens,
there are estimated to be at least 3—5% of these headache sufferers that
do not respond in a meaningful way to medications and whose lives
can be severely restricted to darkened, quiet rooms, heavy doses of
narcotics, failed personal relationships and an overwhelming sense of
hopelessness. In this article, we describe current neuromodulation-based
approach to the management of intractable headache.

Keywords: Neuromodulation; migraine; headache; occipital neuralgia;
occipital neurostimulation; chronic benign pain.

Introduction

Primary headache disorders are a dominant presen-
tation in many neurology and primary care practices
worldwide. A greater understanding of the various head-
ache types has been facilitated by the recent reclassifi-
cation scheme developed by the International Headache
Society (IHS) in 2004 [5]. Clarification of the diagnosis
criteria for various migraine and tension headache syn-
dromes, as well as, the addition of previously unrecog-
nized conditions such as hemicrania continua and a more
precise definition of secondary headaches such as occip-
ital neuralgia are extremely important in the formulation
of successful treatment strategies by the clinician.

Intractable migraine, cervicogenic, and secondary
headache syndromes such as occipital neuralgia, affect
almost 40 million Americans and many more millions
worldwide [12]. It is estimated that up to 5% of these
headache sufferers experience daily or near daily head-
aches (transformed migraine, chronic daily headaches)
and 1-2% are so poorly responsive to medication par-
adigms that this failure can lead to narcotic dependence,

severe restrictions in daily activities, failed personal and
career objectives and an overwhelming sense of hope-
lessness and despair.

Neuromodulation for treatment of chronic pain dis-
orders over the past 35 years has centered on spinal cord
(dorsal column) and peripheral nerve stimulation using
implanted electrode and generator devices to modulate
perception of abnormal pain signals to the brain. More
recently [15] it has been reported that successful neuro-
modulation for occipital headache syndromes can be
accomplished with subcutaneous regional electrode pla-
cement at or near the level of C1 without direct contact
with a specific peripheral nerve.

Literature

Occipital nerve neurolysis and/or neurectomy have
been part of the neurosurgical armamentarium in treat-
ing intractable occipital headaches for many years.
Though occasionally very effective, the not infrequent
development of delayed deafferentation pain in the dis-
tribution of the affected occipital nerve limits the long-
term usefulness of the procedure. C2 ganglionectomy [7]
in posttraumatic C2 pain syndromes has resulted in an
80% good to excellent outcome with a 3-year follow-up.
Non-traumatic C2 pain patients did not fair nearly as
well and subtle but significant morbidity including post-
operative dizziness or gait disturbances may be a persis-
tent problem.

C2 nerve decompression [11] can achieve up to a 79%
success rate with 33% pain free and 46% adequate pain
relief over 2 years. C1, 2 fusion [6] can correct focal
instability and may be indicated on occasion. C1-3 pos-
terior rhizotomy [3] via ventrolateral DREZ lesioning at
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C1-3 can be an effective but highly invasive surgical
technique. Neurolysis of the greater occipital nerve [2,
8] can be effective in the short run but most patients tend
to have significant recurrences within one to two years.
Picaza et al. [10] reported pain suppression by pe-
ripheral nerve stimulation on six patients with occipital
neuralgia using a cuff electrode technique with 50%
good outcome. Waisbrod et al. [13] reported a very good
result from stimulation of the greater occipital nerve for
painful peripheral neuropathy.

Experience with peripheral nerve electrical stimula-
tion for painful mononeuropathies and complex regio-
nal pain syndromes involving major peripheral nerves
led to the sentinel observation by the author that sub-
cutaneous tissue can conduct and propagate electrical
impulses in a dermatomal and/or myotomal distri-
bution of one or more peripheral nerves without di-
rect nerve contact producing pain relief in the region
of the electrically induced local paresthesias. This has
led to the development and refinement of a percuta-
neous neurostimulation procedure implanted transver-
sely into the subcutaneous space nominally at or just
above the level of C1 [14, 15] as a minimally invasive
treatment alternative for intractable occipital headache
syndromes.

Beginning in late 1992, the author began implant-
ing percutaneous wire electrodes in a series of patients
with refractory occipital headaches felt to be unre-
sponsive to medication but with excellent if temporary
response to occipital nerve steroid/anesthetic block. All
patients underwent successful percutaneous trial stim-
ulation for up to seven days prior to permanent im-
plant and had acceptable behavioral and psychological
profiling.

Surgical technique

Using local anesthesia at the incision site only, a
vertical 2cm incision is made at the level of the C1
lamina either medial and inferior to the mastoid process
or in the midline posteriorly under fluoroscopic control
(Fig. 1) extending to but not into the cervicodorsal
fascia. The patient may be positioned laterally or prone
depending on the incision entry point. The subcutaneous
tissues immediately lateral to the incision are under-
mined sharply to accept a loop of electrode created after
placement and tunneling to prevent electrode migration.
A Tuohy needle is gently curved to conform to the trans-
verse posterior cervical curvature (bevel concave) and
without further dissection is passed transversely in the
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Fig. 1. Needle localization

Fig. 2. Curved needle placement

subcutaneous space across the base of the affected grater
and/or lesser occipital nerves which at the level of CI
are located within the cervical musculature and overly-
ing fascia (Fig. 2). Single or dual quadripolar or octapo-
lar electrodes may be passed from a midline incision to
either affected side or alternatively placed to traverse the
entire cervical curvature bilaterally from a single side or
via two opposing incisions.

Rapid needle insertion usually obviates the need for
even a short acting general anesthetic once the surgeon
becomes facile with the technique. Following placement
of the electrode into the Tuohy needle, the needle is
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withdrawn and the electrode connected to an extender
cable for intraoperative testing.

Intra-operative stimulation testing

After lead placement, stimulation is applied using
a temporary RF transmitter to various select electrode
combinations enabling the patient to report on the table
the stimulation location, intensity and overall sensation.
Most patients have reported an immediate stimulation in
the selected occipital nerve distribution with voltage set-
tings from 1 to 4 volts with midrange pulse widths and
frequencies. A report of burning pain or muscle pulling
should alert the surgeon the electrode is probably placed
either too close to the fascia, intramuscularly, or too far
above or below the C1 level and should be repositioned.
Repeated needle passage for electrode placement can
lead to subcutaneous edema and/or hematoma forma-
tion with loss of electrode conductivity thereby blocking
evaluation for permanent lead positioning.

Surgical paddle electrodes can also be implanted sub-
cutaneously, though somewhat more invasively, using
sharp dissection techniques with the electrode contacts
oriented towards the fascia [9].

Electrode fixation and tunneling

Probably the most important aspect of the procedure
involves techniques to prevent electrode migration (pull-

back) from its transverse subcutaneous position in the
highly mobile upper cervical region. Following success-
ful stimulation, the electrode is sutured to the underlying
fascia with the supplied silicone fastener and 2-0 silk
sutures. A small dab of medical grade silicone glue is
placed between the fastener and electrode using a small
angiocath to ensure fixation. A loop of electrode (Fig. 3)
is also sutured loosely in the previously prepared sub-
cutaneous pocket to reduce migration risk as well. A
short acting general anesthetic is used to tunnel the elec-
trode(s) or extender wire to the distal site for connection
and implantation of the receiver or generator.

Pulse generator implantation

There are two options available for the system pow-
er source: an external radiofrequency (RF) transmitter/
receiver system, or an implantable pulse generator. The
RF system allows for more continuous higher voltage
outputs at the expense of rechargeable 9-volt batteries
and is FDA approved for peripheral use. Most patients,
however, opt for the implantable pulse generator sys-
tem which is currently an off-labeled application for
peripheral use. With the voltage settings usually re-
quired for occipital stimulation, the lithium ion battery
can last 3—5 years before replacement. In the past year,
rechargeable generator systems designed for long-term
use even with high voltage requirements have become
available.

Fig. 3. Electrode anchoring position
with loop strain relief
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Generator placement appears to influence both pa-
tient positioning during the procedure and the risk
of postoperative migration. Typical implant locations
are:

1. Upper buttock — facilitates single stage electrode and
generator placement in the prone position.

2. Abdomen — usually done with the patient in the lat-
eral position.

3. Upper chest — lateral or supine positions favor this
location.

There is significant extension wire stretching with upper
buttock generator placement when a patient bends for-
ward creating excessive tugging on the cervically placed
electrodes. This could be one of the major factors, along
with anchoring technique, mitigating electrode migra-
tion. Thus, abdominal or anterior chest placement might
reduce the risk of migration.

Results

Implant experience from 1993 through 2005 has con-
sistently shown an approximately 75% good and excel-
lent long term pain relief with a 15% fair and 10% poor
response in over 150 implanted patients with long term
follow-up. The total headache years in this population
was approximately 1200 years with mean headache
duration of 8 years in 77% females and 23% males.
Most of the patient population exhibited some degree
of bilateral pain with one side typically dominant. Pre-
operative Visual Analogue Scale (VAS) scores ranged
from 5 to 10 with a mean of 9. Postoperative VAS ran-
ged 0—6 with a mean of 3.

Stimulation usage

Patients report using the devices in a variety of sce-
narios including intermittent stimulation for migraine
with aura, cervicogenic headache, occipital neuralgia,
post herpetic neuralgia, tension headache and cluster
headaches. Continuous use with chronic daily headaches
(transformed migraine) and even deafferentation post-
traumatic pain is common as well.

Complications

Most complications have revolved around lead mi-
gration (15%) skewed more towards the early years
of implant technique development. Improved anchors
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and anchoring techniques as well as continuing edu-
cation opportunities for implanter should minimize
this concern. Generator placement and future devel-
opment of localized leads and minigenerators should
also have a positive impact on reducing or even elim-
inating migration problems. Lead breakage or dis-
connection (8%) is probably a function of the lead
implant location in a highly mobile area. Infection was
relatively uncommon (3%), however, attention to me-
ticulous surgical technique is essential to avoid pri-
mary contamination of the implanted equipment even
from skin contaminants such as staphylococcus epi-
dermidis. Subsequent wound dehiscence with external
exposure of any of the implant requires explantation
of the total device. In our experience, a previously in-
fected area can be successfully re-implanted after suit-
able treatment.

Positioning and sedation

Most electrode implants can be performed in the lat-
eral position utilizing a midline incision for bilateral
electrode placement with lead tunneling and generator
pocketing either in the chest, upper buttock or abdomen.
This allows greater access to the airway during short-
acting sedation.

Surgical paddle placement, especially bilaterally, is
facilitated in the prone position on a horseshoe or similar
frame, however, airway access is limited and sedation
agents should be chosen that do not significantly alter
respiration (i.e. ketamine, etc).

Mechanism of action

The mechanisms of action for the paresthesia patterns
and pain relief obtained from this therapy are incomple-
tely understood but would appear to involve the follow-
ing elements:

— Subcutaneous electrical conduction

— Dermatomal stimulation

— Myotomal stimulation

— Sympathetic stimulation

— Local blood flow alteration

— Peripheral nerve stimulation

— Peripheral and central neurochemical mechanisms
— Trigeminovascular system

The most important of these mechanisms appears to be
the trigeminovascular system.
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In the cat, direct electrical stimulation of the greater
occipital nerve [4] increased the metabolic activity in
the trigeminal nucleus caudalis and cervical dorsal horn
cells by 220% ipsilaterally to the stimulation and by a
lesser amount contralaterally. The dorsal horn activity
was at the level of C1, C2 and interaction with the tri-
geminal innervated structures suggests that the frontally
radiating occipital headaches occur as a consequence of
overlap of nociceptive information processing at the
level of the second order neurons. PET scan studies in
episodic migraine headache patients [1] demonstrate
specific areas of brainstem activation in the dorsal rostral
pons. A PET study of 8 patients with chronic migraine
headaches [8], that showed excellent responses to
implanted bilateral suboccipital stimulators, also demon-
strated activation of the dorsal rostral pons that persisted
after alleviation of headache pain. These observations
suggest the presence of a central trigger mechanism
for a variety of headache pain conditions. Peripheral,
subcutaneous electrical stimulation may influence blood
flow within these activated regions or be involved in
descending pathways that control pain via stimulation
of the trigeminovascular system at the level of the upper
cervical spine.

Conclusions

Peripheral subcutaneous neurostimulation for a vari-
ety of intractable headache syndromes is a safe, reason-
ably effective, and uncomplicated treatment modality to
be considered when dealing with patients refractory to
medications and other non-invasive treatment options.
Multicenter studies are underway to further define the
safety and efficacy of this treatment modality. Com-
petition among the device companies will allow de-
velopment of more compact and appropriate implant
hardware to maximize the treatment potential.
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Summary

Spasticity is part of the complex clinical picture which results from
the upper motor neuron impairment. The underlying mechanisms that
produce the automatic overactivity of the muscle groups may manifest
themselves as either passive movements dependent on the exerted ve-
locity or persistent muscle overactivity in the form of spastic dystonia.
The therapeutic management of spasticity is closely related to the aims
of rehabilitation; these include avoidance of complications, restoration
of movement, re-education of motion and gait, development of self-
dependency, and social integration, as well as modification and re-
organization of the cortical brain map. The latter is achieved through
long-term learning processes which are subserved by new neurophysio-
logical dynamics, and the mechanisms of neuroplasticity which develop
during neural regeneration.

Keywords: Spasticity; hypertonia; upper motor neuron syndrome;
rehabilitation; neurophysiology; neuroanatomy; neuromodulation.

Definition and clinical considerations

Spasticity has been known as a manifestation of ner-
vous system malfunction for a long time and, the term
““spasticity”” has been given various definitions [19, 20].
Lance, in 1980, provided perhaps the most appropriate
definition for spasticity [11] as “a motor disorder char-
acterized by a velocity dependent increase in tonic
stretch reflexes (“‘muscle tone”’) with exaggerated ten-
don jerks, resulting from hyperexcitability of the tonic
stretch reflex, as a component of the upper motor neuron
syndrome”. Other scientists defined spasticity as the only
manifestation of upper motor neuron impairment, which
responds to medical treatment [15]. Few years later,
Young introduced the clinical entity ‘“‘spastic paresis’
[23]; this included extensor plantar responses, velocity-
dependent increase in tonic stretch reflexes, exaggerated

phasic stretch reflexes, increased autonomic reflexes, and
abnormal postures. Spasticity is considered a sensorimo-
tor phenomenon, associated with automatic movement
responses to sensory inputs. Spasticity increases the ve-
locity of the existing passive muscle stretch and is also
related with changes occurring in the spinal cord. Diffuse
injuries in the central nervous system (CNS) result in
loss of descending inhibitory commands and abnormal
impulses. Muscle activity becomes overactive. This is
mediated at several areas of the stretch-reflex pathway.
Loss of descending inhibitory (reticulospinal) influences
leads to exaggerated excitability of dynamic gamma
neurons and alpha motor neurons. Other spinal tracts
such as the vestibulospinal and rubrospinal tracts be-
come more active. Essentially, spasticity can result from
injury to the cortex, basal ganglia, thalamus, brainstem,
cerebellum, central white matter, or spinal cord [10].
In cases of spasticity, the resistance to passive move-
ment is highest at the beginning of motion, while it
attenuates as the applied pressure increases. This is evi-
dence of motor pathway impairment that deranges the
voluntary motion; it also produces marked increase in
muscle tone, as well as restriction of the motion range
or profound rigidity of the limbs. As a result, abnormal
postures become apparent due to antagonist muscle
overactivity. Noticeably, the level of increased muscle
tone among the antagonist muscles differs in the various
joints, particularly when the brain or spinal cord damage
is focal or incomplete. In contrary, when diffuse or glob-
al lesions of the brain or spinal cord take place, the
spasticity is much more homogeneous. The above dis-
crepancies may be related to the specific characteristics



138

of the damage itself (i.e. location, extension etc) or to
the positive or negative activity of agonist and antagonist
muscles. More specifically, in incomplete lesions, the
agonist muscles are able to partially or totally overcome
the increased muscle tone of the antagonist muscles. The
complete loss of agonist muscle strength enhances the
overactivity of the antagonist muscles, which are in
a spastic condition, and may lead to abnormal limb
postures, frequently of permanent character (co-contrac-
tions). When both agonist and antagonist muscle groups
have been activated (co-activation), another type of ab-
normal motion ensues. Therefore, in both cases, the
possibility for voluntary movement is lowered and the
resulting motional actions have an abnormal, non-func-
tional character [13].

The role of agonist muscles in the expression of the
pathological motional response has been recently recog-
nized, particularly after the advent of therapeutic modal-
ities for the treatment of focal or generalized spasticity
and the evolution of advanced rehabilitation methods.
The bedside measurements of spasticity by manipula-
tions of the passive motion differ considerably when
compared to the estimations during a voluntary motion,
in sitting or standing position or during walking. During
the functional evaluation of spasticity in a patient suffer-
ing from CNS damage, apart from the increased muscle
tone, a range of atypical movements in terms of ab-
normal reflexes may also be present. Automatic plantar
extensor responses, clonus, synergias, co-contractions
or synkinesias associated reactions (Fig. 1) can be such
paradigms. These may produce abnormal patterns of
posture, motion and gait such as typical arm posture in

Fig. 1. The maximum resistance of the not affected arm produces
automatic contractions of the homonymous muscle of the hemiplegic
side (associated reactions)
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Fig. 2. When the paraplegic patient is sitting, massive, automatic
motions of the trunk and lower limbs are produced with obvious risk of
falling down

hemiplegic patients or characteristic spastic gait fol-
lowing incomplete spinal cord injuries. The pattern of
motion, however, is critically influenced by other factors
such as the disturbance of equilibrium and coordination,
the impairment of nociceptive sensory pathways, the
function of autonomous nervous system and fatigue
(Fig. 2).

Although spasticity constitutes only one clinical as-
pect of the upper motor neuron syndrome (UMNS), it
dominates the pathogenesis of abnormal motion; more-
over, it may set off a series of other relevant clinical
findings. For example, the local injection of Botulinum
toxin Type A (BTX-A) into the flexor muscles of a
paretic arm may induce both reduction of focal spastic-
ity and improvement of motion not only in the hemi-
plegic arm but also in the distal limb; this is nicely
illustrated in the case of synkinesias described in hemi-
plegic patients during walking. Therefore, the manage-
ment of spasticity enables the sufferer to be re-educated
in his body posture, motion, gait, and nociceptive func-
tion, in order to modify other immature elements caused
by CNS damage. Such kinds of symptoms are the stereo-
typic, massive, and synergistic movements, which, how-
ever, do not result in a functional motion. Overall, the
clinical presentation of a CNS lesion is mainly charac-
terized by spasticity and the patient may be identified as
a spastic individual.

Taking together the aforementioned definitions and
descriptions, it becomes obvious that the clinical mani-
festations occurring after a CNS lesion are poorly under-
stood. These could be clarified only on the basis of their
pathophysiological profile and clinical expression. For
this aim, the USA National Institutes of Health spon-
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sored an interdisciplinary workshop in 2001 to define the
terms spasticity, dystonia, and rigidity [18]. It was con-
cluded that spasticity is hypertonia combined with either
of the following findings: a) resistance to an externally
imposed movement that increases with increasing speed
of stretch and varies with the direction of joint move-
ment or b) resistance to externally imposed movement
that increases above a threshold speed or a joint’s range
of angle. The term dystonia refers to involuntary, sus-
tained or intermittent muscle contractions, which cause
twisting, repetitive movements, or abnormal postures
[18]. Finally, rigidity corresponds to the hypertonic con-
dition in which all of the following are true: (a) resis-
tance to externally imposed joint movement is present
at very low speeds of movement, does not depend on
imposed speed, and does not exhibit a speed or angle
threshold; (b) simultaneous co-contraction of agonists
and antagonists may occur, and this is reflected by the
immediate resistance to a reversal of the direction of
movement about a joint; (c) voluntary activity in distant
muscle groups does not lead to involuntary movements
about the rigid joints, although rigidity may worsen; and
(d) the limb does not tend to return to a particular fixed
posture or extreme joint angle [18]. Despite the consen-
sus on the above definitions, the diagnostic approach to
such clinical syndromes may reveal other ambiguous
neurological conditions, in which less clearly defined
symptoms are present or different movement disorders
coexist. For example, the term cogwheel rigidity de-
scribes the condition in which tremor is superimposed
on muscle stiffness [4]. Spastic dystonia has been an-
other such a paradigm; the term describes the relative
inability to rest of a muscle that is responsive to the
degree and duration of the tonic stretch imposed on
the muscle. Finally, the term spastic cocontraction im-
plies the simultaneous activity of both agonist and
antagonist muscle groups; although it is commonly pres-
ent in normal movements [12, 21], it is excessively
profound in spastic paresis [6].

Upper motor neuron syndrome (UMNS)

The upper motor neuron (UMN) lesion is character-
ized by both positive and negative phenomena (Table 1),
which differ in their pathophysiological basis and re-
spond variably to treatment. The positive phenomena
are ‘“‘phenomena of presence” of involuntary focal or
generalized muscle overactivity and expressions of a
generalized movement disorder. Their manifestation is
sudden, unforeseeable, and characterized by intense
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Table 1. The positive and negative findings of upper motor neuron
syndrome (UMNS)

Positive findings Negative findings

Spasticity Loss of dexterity

Spastic dystonia Atrophy

Dystonia Loss of coordination

Clonus Loss of voluntary movement
Athetosis Muscle weakness

Primary reflexes
Babinski sign

Rigidity

Synergias
Co-contractions
Synkinesias

Associated contractions
Myelic automatisms

Fatigue

symptoms. The negative phenomena are ‘‘phenomena
of absence”, reflect the inability of voluntary movement
(i.e. muscle hypoactivity), resist to treatment, and result
in a more severe neurological disorder [5].

Pathophysiology of spasticity

In human, the UMN lesion affects both the pyramidal
and corticospinal tracts. When these pathways are im-
paired, increased irritability of the a-motor neuron at
specific spinal myelotomes appears; this results in in-
creases in both the muscle tone and responsiveness of
the corresponding tendon reflex. Many of these phenom-
ena can be understood in terms of the muscle spindle

----- inhibitory interneuron

la afferent

+ alpha motoneurons

A Inhibition

2 Stimulation

Fig. 3. The model of the afferent-efferent neural circuit in stretch
reflex activity
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physiology. Initially, the afferent intrafusal Ia fibers of
the muscle spindle are irritated by muscle stretch, and
create a monosynaptic augmenting connection to the
a-motor neuron of the muscle; however, they are also
linked with the a-motor neuron of the antagonist muscle.
When the muscle strains, simultaneous activity of the
stimulated synergistic a-motor neuron and the inhibited
antagonist muscle results to nociceptive inhibition (Fig. 3).
In UMN lesion, this disequilibrium of excitation-inhibi-
tion affects the executive organ of motion, i.e. the mus-
cle. On this ground, someone may consider spasticity as
a motor phenomenon guided primarily by sensitivity.

Obviously, the neurogenic model of disturbance be-
tween afferent and efferent stimuli of the stretch reflex
implies a disequilibrium of muscle activity at the joint
level; in particular, the agonist muscles overact voluntar-
ily while the antagonist muscles remain inert. In UMN
lesions, positive and negative signs coexist in a single
joint and in adjacent joints; this results in paradox ste-
reotypic movements, which are not integrated towards
performing an intended movement. The overactivity
observed in agonist muscles may be attributed to the
following two factors: a) subsequent sprouting, and
b) mechanisms of plastic neural rearrangement [2, 9, 14].
Notably, the above mechanisms of spasticity need con-
siderable time to evolve. On the other hand, the hypoac-
tivity present in antagonist muscles may be caused by:
a) the cerebral or spinal shock, b) the main lesion, and
¢) additional separate lesions in the peripheral nervous
system. The disequilibrium in muscle activity in specific
joints is better understood in cases of cerebral damage
such as stroke [8].

Spasticity and neurological recovery or maturation

Spasticity does not develop immediately after an ac-
quired or congenital lesion; instead, a period of loose
paralysis precedes spasticity which lasts variably de-
pending on whether the spinal cord or the brain have
been affected. The development of involuntary muscle
overactivity may be regarded as a CNS recovery pro-
cess, which follows a lesion and is integrated in mech-
anisms of plasticity or neural regeneration. Synaptic
plasticity and neural sprouting appear when a lesion
interrupts the descending fibers at a level above the brain
stem. When the interrupted descending fibers degener-
ate, adaptive sprouting occurs locally. Plasticity-related
changes result to long-term abnormal automatic re-
sponses to peripheral stimuli as in the case of skin irrita-
tion or muscle strain [7, 16, 17, 22].
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Apart from the intermediate neurons, adaptive sprout-
ing may also be observed in the nearest intact de-
scending pathways. In late stages of recovery, other
mechanisms are also implicated such as the reorganiza-
tion of higher centers in order to recruit new mech-
anisms of movement response. These processes are
integrated via intact descending pathways of the brain
stem such the rubrospinal, reticulospinal, and tectospinal
tracts. The aforementioned associations to the spinal
motor neurons may be more diffuse and less selective
compared to the corticospinal pathways. The reorganiza-
tion of the descending tracts may also involve branches
of corticospinal fibers, which have survived and inner-
vate irrelevant groups of motor neurons. These mecha-
nisms cause abnormal activation of the supraspinal
descending fibers, which results in muscle overactivity;
however, the degree of coordination of normal move-
ment is adequate for integrating a purposeful action [3].

In animal experiments, it was shown that the local
spinal reorganization may lead to new forms of behavior
such as novel myoskeletal expression of gait or new
pattern of urination [17]. In incomplete lesions, the high
degree of spasticity along with the involuntary massive
movements that occur during the purposely effort to
perform a specific action, mostly superimpose any vol-
untary movement. In such cases, the disequilibrium be-
tween agonist and antagonist muscles is more important
and spasticity appears earlier and is more intense. Weak-
ness and inactivity succeed muscle hyperactivity around
a specific joint; these decrease muscle elasticity and
cause degeneration of the muscle fibers and finally, hy-
perflexion of the joint.

Effects of spasticity on the soft tissues
and functional performance

When a cerebral or spinal lesion occurs suddenly, a
period of flaccid paresis precedes the positive signs of
UMNS and spasticity. During this phase, the negative
phenomena of UMNS (loss of muscle activity) dominate
the clinical presentation. This flaccid phase is attributed
to neuropraxia and may last up to one month in cases of
cerebral damage or up to several months, in spinal cord
lesions (“‘spinal shock’). During this flaccid phase,
gravity is the only force exerted on the inert muscles
and joints leading thus to paradox postures such as foot
drop (Fig. 4). If not properly treated, these sequeale
influence the muscle elasticity and permanently affect
the mass of the muscle and its adjacent tendons. The
emergence of spasticity signals the transition to an ad-
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Fig. 4. There is marked foot drop in the left hemiplegic side, given that
gravity is the only force exerting on the inactive muscles

vanced phase of neurological “recovery”. In incomplete
lesions, this period may last for a long time whereas,
after complete lesions, it terminates once automatic
movements appear. Following a brain injury, the auto-
matic movements are massive, gross, and paradox due to
intervening synergies, synkinesias, and other associated
reactions. After the spinal shock, spontaneous move-
ments appear in parts of the body that receive input from
myelotomes located below the level of the spinal cord
injury.

Once the first signs of spasticity appear, their intensity
increases progressively to reach a state of permanent
involuntary muscle overactivity, even though the indi-
vidual may lie quietly. This phenomenon is defined as
spastic dystonia and produces paradox postures of the
body depending on the groups of muscles that overact.
The typical arm posture of a hemiplegic patient is
a characteristic paradigm of spastic dystonia (Fig. 5).

Fig. 5. Patient presenting with hemiplegia and typical arm posture
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Similarly, in brain injury, the clinical picture includes
arm adduction, flexion and internal rotation of the elbow
and wrist and finger flexion. The involuntary muscle
overactivity is characterized by increase in recruited
motor units and difficulty in halting the activity of cer-
tain motor units during either the resting phase or when
other muscle groups are normally activated. This condi-
tion may be defined as an ‘“‘early spastic state’’, in which
soft tissues remain elastic while findings of fibrosis,
muscle shortening or cocontractions in the joints have
not become apparent yet. When further changes in soft
tissues occur, the continuous stimuli either augment or
reproduce the spasticity; this, in turn, leads to further
abnormal postures of the limbs and cocontractions.
The above condition of positive feedback between spas-
ticity and muscle alterations is defined as “‘late spastic
state”’. The soft tissue alterations lead to resistance to
movement independently of the velocity and along with
spasticity make passive movements difficult and slow;
moreover, the range of motion in affected joints is lim-
ited. When such a pathological condition is prolonged,
significant joint deformations, abnormal body posture,
and pathological patterns of motion or gait are expected
to appear in due course. The existing modifications of
soft tissues result in further structural alterations of the
affected muscle and tendons; the subsequent fibrosis and
reduction of muscle compliance limit substantially the
range of joint motion (Fig. 6).

The term hypertonia refers to the clinical condition in
which the range of movement is critically limited due to
both spasticity and decreased muscle and tendon elastic-
ity. Hypertonia is one of the negative sequelae of UMN

}'
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Fig. 6. High degree of spasticity in both upper limbs following a
severe head injury. Permanent deformities and co-contractions are
apparent
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lesion; the failure to offer timely the appropriate treat-
ment has been the major etiologic factor for this inca-
pacitating condition. The superimposed complications
deteriorate the existing spasticity and the resultant posi-
tive feedback of abnormal sequelae affect critically the
functional capability of the sufferer. The joint deforma-
tion is caused by: a) spastic dystonia, b) soft tissues
degeneration, and c¢) antagonist muscle weakness, irre-
spectively of whether paresis or atrophy has produced it.
At this stage, cocontractions and/or abnormal body pos-
ture may be reversed by appropriate conservative or
surgical interventions. If treatment is denied or fails
to improve these conditions, focal bone deformations
ensue. In severe or complete CNS lesions, the positive
signs of UMN damage are generalized below the level of
injury and affect both agonist and antagonist muscle
groups. In this condition, the patient appears stiff, his
joints are motionless, while trunk, upper and lower limbs
may be functionally indiscriminate. Pain, sleep disorders,
difficulty in swallowing, respiratory distress, decreased
control of sphincters, inability to sit or stand comfort-
ably, ulcers decibutus, and inflammations are among the
other common complications of severe UMN lesion.

Models of spasticity

Spinal cord lesion model

Herman and colleagues [8] demonstrated that, in
cerebral lesions, maximal reflex responses follow a few
cycles of gastrocnemius muscle stretch. In contrast, in
patients with spinal cord lesions, there is a late increase
in tendon reflexes when the gastrocnemius muscle is
repeatedly stretched. The above late response was attrib-
uted to the gradual and augmentative transmission of the
stretch stimuli via intermediate neurons. A spinal cord
lesion causes disinhibition of the local multisynaptic
pathways; as a result, the afferent impulses originating
from the muscle spindle are transmitted to the intermedi-
ate neurons via multisynaptic chains. In spinal cord
lesions, centripetal activity, which originates from mus-
cle spindle or tendon reflex afferents, enters the spinal
cord at a specific myelotome but spreads uninhibited
both in caudal and cephalad directions; this causes mas-
sive motor response from several muscle groups, even if
only a single pathway was originally affected. For exam-
ple, when the first sacral (S;) root is irritated in a para-
plegic patient’s foot, then, knee flexion (5th lumbar root),
hip flexion (2nd lumbar root) and abdominal muscle
contractions (10th thoracic root) are observed. Although
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the flexor responses dominate in spinal cord lesions, aug-
mentative stimuli are frequently transmitted from the
flexors to the extensors musles as well.

Cerebral lesion model

Herman [8] observed that, in patients suffering from
cerebral palsy, a quick motor response follows the rhyth-
mic stretch of the gastrocnemius muscle; this implies
that the initial stimuli is transmitted via a monosynaptic
pathway. Clinically, this type of spasticity appears as a
typical arm posture, in which antigravity muscles over-
act. In particular, shoulder abduction, elbow and wrist
flexion are prominent in upper limbs, while hip abduc-
tion, knee extension and plantar flexion prevail in lower
limbs [14]. During passive movement examination, the
antigravity muscles appear spastic, but it is not clear
whether this reflects an abnormal driving of peripheral
stimuli to the spinal circuits or results from inappropri-
ate centripetal signals. In patients with cerebral palsy,
the interruption of the dorsal tracts does not inhibit the
antigravity character of spasticity. Cerebral and spinal
lesions of the CNS have different clinical presentations
which depend on the mechanism of injury (traumatic
versus nosological), the extension and the location of
the damage, the involvement of either one or both cere-
bral hemispheres, and the impairment of higher cogni-
tive functions. The negative phenomena of spasticity
appear and are influenced by whether the patient partic-
ipates in adjunctive treatments. In hemiplegic patients
who actively participate in their rehabilitation program,
there is much better development of movement ability in
both the healthy and affected side of the body. When an
intensive educational program is followed from the early
days of the disease, spasticity bears much lesser conse-
quences. The cognitive involvement and the body per-
ception through nociceptive mechanisms greatly affect
the primary clinical presentation of spasticity and the
efficacy of the applied adjunctive treatment.

Conclusions

Extended clinical studies have shown that spasticity is
not a static phenomenon but changes over the course of
the day and during the months or even years that follow
the CNS insults; moreover, it is clearly affected from
external factors and stimuli (sensory, auditory, visual,
etc). Therefore, the management of spasticity requires
a deeper knowledge of its fluctuating and progressing
dynamics, as well as an effective approach through cog-
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nitive and educational processes. An integrated rehabil-
itation program, apart from the management of spasti-
city, should also aim to exploit the increased muscle tone
to the advantage of functionality. This is a long-term
therapeutic process in which the sufferer re-learns new
approaches to its body functions and is supported to
integrate them again in his/her personal and social life.
In cerebral lesions, the management of spasticity and
the reeducation of the patient in activities of daily liv-
ing provide the brain with augmentative signals, which
motivate mechanisms of plasticity and neurological re-
covery. This interaction between spasticity management
and brain function constitutes the theoretical base where
“neuromodulation” can be applied. In incomplete spinal
cord lesions, the management of spasticity enhances
the residual abilities of motion and practically guides
the neurological recovery. Additionally, in spinal cord
lesions, the improvement of spasticity clearly improves
everyday quality of life in terms of reduced complica-
tions, better use of functional orthoses, functional re-
education, and greater performance in self-dependency
scores [1]. The management of spasticity should be
incorporated in all neurorehabilitation programs; this
practically aims to create a satisfactory pattern of body
posture and motion and improve substantially the func-
tional capabilities of the patient. The reorganization of
the cerebral cortex or spinal cord constitutes long-term
targets of an effective neurorehabilitation program.

Neuromodulation of spasticity: future directions

It is clear that the pathogenesis of spasticity involves
many different components. Future putative neuromodu-
latory interventions, therefore, should take into consid-
eration a number of issues such as:

a) if sensitivity is a key factor, the role of epidural spinal
cord stimulation (SCS) or peripheral nerve stimula-
tion (PNS) could be greater than what is currently
acknowledged and should be explored with appropri-
ate research protocols

b) if reorganization of higher (i.e. cortical) circuits is
important, the role of either motor cortex or sensory
cortex stimulation could be important

c) in the past, the cerebellar stimulation has been ap-
plied in the treatment of spasticity in patients suffer-
ing from cerebral palsy; in view of current advances
in neuromodulation, its role should be re-examined

d) the role of deep brain stimulation (DBS) in the treat-
ment of spasticity of cerebral origin should also be
explored
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e) the value of combinations of chemical treatments
(baclofen) with neurostimulatory treatments should
be investigated

f) the classification of the various clinicoanatomical
profiles (types) of spasticity should be refined and
become more precise.

Finally, a better understanding of the evolution of
spasticity may improve the timing of our interventions
and clarify whether earlier administration of established
treatments such as intrathecal baclofen can result to even
better neuronal reorganization and adaptive responses.
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Intrathecal baclofen in current neuromodulatory practice:
established indications and emerging applications
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Summary

Intrathecal baclofen (ITB) has evolved into a standard treatment for
severe spasticity of both spinal and cerebral origin. The accumulated
promising data from reported series of patients receiving ITB therapy
together with the fact that spastic hypertonia commonly coexists with
other neurological disorders have constituted a solid basis for offering
this kind of treatment to patients suffering from other movement dis-
orders. These include motor disorders such as dystonia, amyotrophic
lateral sclerosis, status dystonicus, Hallervorden-Spatz disease, Freid-
reich’s ataxia, “stiff-man” syndrome, but also vegetative states after
severe brain trauma, anoxic encephalopathy or other pathology and more
recently, various chronic pain syndromes. In this article, on the basis of
the established applications of ITB therapy, we review the important
emerging indications of this rewarding neuromodulation method and
attempt to identify its future potential beneficial role in other chronic
and otherwise refractory neurological disorders.

Keywords: Neuromodulation; spasticity; hypertonia; pain; intrathe-
cal baclofen therapy; spinal injury; head injury; multiple sclerosis;
cerebral palsy; vegetative state.

Introduction

Baclofen, a derivative of diazepam, was originally
developed in the 1920s as an anticonvulsant. Over the
next decades, its role in controlling epileptic fits proved
to be limited but its potent action in alleviating spasticity
of cerebral or spinal origin was noted. Pharmacologi-
cally, baclofen is a structural analog of the naturally
occurring inhibitory neurotransmitter gamma-aminobu-
tyric acid (GABA), binding specifically on b receptor
subtype [35, 65, 97]. Baclofen exerts its effect at the
presynaptic level, where it reduces the excitability of
motor neurons inhibiting the release of excitatory neu-
rotransmitters; hence, high-frequency motor output and
reflexively mediated muscle activity (i.e. spastic motor
activity) are attenuated [19].

Oral administration of baclofen has been shown to
be an effective treatment for motor disabilities due to
spasticity; however, when higher doses of the drug need
to be administered in order to suppress symptoms of
hypertonia, untoward systemic effects may be produced.
These effects include drowsiness, confusion, lethargy,
and muscle weakness and may outweigh the expected
benefit from the treatment. To avoid such unacceptable
sequelae, baclofen was infused in the intrathecal space
via a spinal tap; a dramatic improvement in severity
of spasticity signs was achieved at significantly lower
doses of the drug. The difficulty in administering in-
trathecal baclofen (ITB) by lumbar puncture on a
regular basis was overcome when fully implantable
drug-delivery devices became available in the 1980s.
Over the past 20 years, the biotechnology industry has
produced a series of advanced, sophisticated pumps
which achieve to infuse drugs, including baclofen, intra-
thecally in a constant, continuous, reversible and fully
telemetrically adjustable manner via an external program-
ming device operated by a physician or other health
professional.

ITB therapy has gained a steady foothold in the man-
agement of spasticity regardless of its underlying pathol-
ogy. However, the range of neurological disorders that
might improve by ITB therapy is steadily increasing;
combinations of neuromodulatory interventions are tried
clinically by experienced scientific groups and new indi-
cations are added in the relevant list of this treatment. In
the present article, the established applications of ITB
treatment in current neuromodulatory practice are
reviewed in brief, while the future directions of the field
are outlined.
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Pathophysiological and clinical considerations
of ITB therapy for spasticity

Pathophysiological background

Baclofen binds to presynaptic GABA-b receptors at
any location along the neural axis i.e. cerebral cortex,
white matter, brainstem, and particularly, dorsal horns of
the spinal myelotomes [2]. Due to the hydrophilic nature
of the drug, oral doses of baclofen result in limited
absorption into the cerebrospinal fluid (CSF). Notably,
ITB therapy shows two inherent advantages compared to
oral administration of the drug: a) when given intrathe-
cally, baclofen results in drug levels in CSF 10 times
greater that those found following an oral dose 100 times
larger [21, 69] and b) despite the high concentration of
baclofen in the CSF of the lumbar region, it is only %
of that concentration that is detected in the cisterns of
the brain [42, 43, 77]. However, adverse effects of gen-
eral central nervous system (CNS) depression, albeit un-
common, may still appear following ITB administration;
these include ataxia, somnolence, sedation with tolerance,
suppression of the cardiovascular function, and sudden
respiratory arrest [21]. Overall, the key element of effec-
tiveness of ITB therapy is the high concentration of the
drug around the tissues most responsible for the spasti-
city, i.e. the spinal cord, with little exposure of the brain-
stem and cerebrum; this allows excellent lower body
spasticity control without the sedating unwanted effects
that are associated with oral doses of the medication.

Clinical considerations — inclusion criteria

ITB has evolved into a standard treatment for severe
spasticity of both spinal and cerebral origin. Spasticity is
a motor disorder characterized by a ‘““velocity-dependent
increase in tonic reflexes (muscle tone) with exagger-
ated tendon jerks, resulting from hyperexcitability of the
stretch reflexes” [45]. Although spasticity constitutes
only one component of the upper motor neuron syndrome
(UMNS), it actually dominates the pathogenesis of ab-
normal motion, clearly interfering with co-existing inca-
pacitating neurological symptoms, i.e. released flexor
reflexes, weakness and loss of dexterity [53, 71]. Spas-
ticity has a dramatic impact on both the functional capa-
city and quality of life of sufferers. Patients experience
muscle contractures, joint deformities, painful spasms,
skin breakdown secondary to shearing, while their func-
tional mobility and self-dependency are substantially
reduced. Moreover, spasticity is associated with lower
respiratory function secondary to deformities, difficulty
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with hygiene in specific areas (e.g. palm or groin), de-
ranged speech and swallowing, decreased ambulation and
transfer capability, difficulty in seating, depression, in-
creased risk of urinary infection and autonomic dysre-
flexia, as well as sexual dysfunction.

Spasticity is produced by a variety of pathologies af-
fecting either the brain or the spinal cord. Any lesion in
the spinal cord [e.g. trauma, myelitis, or multiple sclero-
sis (MS)] can interrupt the descending inhibitory signals,
which balance the excitatory afferent impulses reaching
the a-motoneuron. On the other hand, a damaged brain
due to stroke, cerebral palsy, MS or head injury may be
unable to generate the inhibitory signals necessary for
controlling muscle tone and body motion. Taking into
account the clinical diversity of various pathologies in-
terfering with spasticity, it is of mandatory importance to
select among all sufferers from spastic hypertonia those
who have better chances to improve following continu-
ous ITB therapy. Francisco described the perfect ITB
candidate as one who has had ‘‘a stroke with severe,
functionally limiting, multijoint spastic hypertonia and
predominant involvement of the lower limbs, and one
who can neither tolerate the effects of oral drugs nor re-
spond to adequate doses of other therapies” [30]. The
explicit criteria for considering candidates for ITB treat-
ment are severe spasticity, clinical stability, age greater
than 4 years, and body size sufficient to support the
implantable device. On the other hand, explicit contra-
indications for this type of therapy include allergy to oral
baclofen, active infection, and pregnancy. During the
pre-implantation period, it is very important for health
professionals, patients and caregivers to understand that
ITB does not constitute the first choice of treatment for
reducing signs of spasticity nor can cure the underlying
pathology. Conversely, all alternative treatments includ-
ing oral medications, local injections of botulinum toxin
A (BTX-A) or phenol, and physical modalities should be
tried first and have either failed or provided limited
spasticity control. Furthermore, sufferers, family mem-
bers and care providers should have realistic and ob-
tainable goals and be motivated and committed to a
demanding and long-term support and follow-up.

As the effect of ITB may be unpredictable, an infusion
lumbar test is performed in each patient who is a poten-
tial candidate for this kind of intervention [11, 59, 60].
In this way, attending physicians, patients and caregivers
can judge not only the efficacy of the drug but also the
safety of the procedure before a final decision is taken to
implant a permanent indwelling pump. A single dose of
50-150 mg baclofen is infused through a spinal tap and
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the effect in spastic symptoms and functional perfor-
mance of the patient is evaluated at 30 min, 4, 12, and
24 h later. This may be repeated 1 to 2 days later if the
first test did not provide conclusive results. It is gener-
ally accepted that subjects are considered suitable can-
didates for continuous ITB therapy if, after baclofen
screening test dose, a reduction in Ashworth scale [7, 16]
or Penn Spasm Frequency Scale [69] by 2 or more
points, for at least 6 hours, is documented without the
development of untoward effects [59, 60]. Moreover,
the functional capability of the patient is recorded for
24 hours post-trial; any change in wheelchair seating, gait,
transfers, speech, bowel and bladder management, and
ease or speed of locomotion are carefully evaluated [8].

ITB therapy in current neuromodulatory practice

Established applications

Clinically, spasticity may develop following damage
at any level of the central nervous system (CNS) i.e.
cerebral cortex, basal ganglia, thalamus, brainstem, cer-
ebellum, central white matter, or spinal cord [40]. There-
fore, the indications of ITB vary according to the
underlying pathology; such pathologies include mainly
spinal cord injury, multiple sclerosis (MS), cerebral palsy
(CP), stroke, and head injury [23, 93].

Since 1984, when Penn and Kroin first infused baclo-
fen intrathecally for treating spasticity [67], ITB therapy
has increasingly gained a primary role in the alleviation
of this incapacitating neurological disorder. Lower limb
spasticity of spinal origin was the first indication of
ITB and the largest published series include, in most
part, patients suffering from spinal cord injury or MS
[36, 55, 56, 66, 68, 69, 72, 96]. The promising results
obtained from ITB therapy in patients suffering from
spasticity of spinal origin urged neuroscientists to offer
this kind of treatment in individuals suffering from spas-
ticity of cerebral origin as well. Therefore, ITB pumps
have been implanted to treat spastic hypertonia in pa-
tients with conditions such as stroke [39, 59, 60, 74],
cerebral palsy [61, 32, 37], multiple sclerosis [79], or
traumatic brain injury [4, 12]. Importantly, the U.S. Food
and Drug Administration (FDA) has offered approval
labeling to ITB for managing severe spasticity of both
spinal (in 1992), and cerebral origin (in 1996) [54, 75].

Taking into account the multifaceted clinical profile of
spasticity, it becomes apparent that ITB therapy, despite
its overall favorable impact in muscle hypertonia and
functional performance of the patient, should be individ-
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ualized in order to meet the particular requirements of
both the underlying pathology and the affected popula-
tion. Such characteristic paradigms of patients needing
particular pre- and post-ITB management are the pe-
diatric population and the MS patients. In children and
adolescents suffering from cerebral palsy, for instance,
despite the reported benefits from chronic ITB infusion,
critical issues regarding selection criteria and rehabilita-
tion management remain to be answered [1, 6, 32, 64].
Similarly, sufferers from MS constitute a particular co-
hort of patients due to the unpredictable and progressive
nature of their disease. These patients may prove to be
more sensitive to ITB therapy compared to patients with
other diagnoses, and may need lower doses of the med-
ication both for inducing a positive result in baclofen
screening trial and maintaining the post-implantation neu-
rological benefits [25]. Moreover, implantation of ITB
pumps is strongly advised to be offered to patients with
MS at earlier stages of the disease, before a significant
amount of ambulatory ability is lost. This kind of treat-
ment, however, may prove particularly beneficial even
at late stages of the disease i.e. when sufferers are com-
monly wheelchair bound; more comfort and easier care-
giving can substantially improve the quality of life of
those debilitated individuals [27].

The outcomes following ITB therapy can vary con-
siderably, depending on the underlying disease, the pre-
operative functional state of the sufferer, the experience
of the attending neuromodulation team, and the commit-
ment of the patient to the long-term follow-up sessions.
Furthermore, the postoperative dose-titration of infused
baclofen is of great importance. The whole process aims
to achieve maximum clinical improvement with mini-
mum systemic unwanted manifestations; occasionally,
this may prove to be a highly-demanding task and may
require a long follow-up period until the desired effect is
accomplished.

It is generally acknowledged that the reduction in
muscle tone, irrespectively to the underlying disease
(i-e. spinal cord injury, MS or cerebral palsy diplegia),
is more pronounced in the lower limbs than in the upper
limbs or trunk [23, 34, 58, 68]. ITB therapy offers a sub-
stantial decrease in the Ashworth scale score and average
spasm score in patients suffering from chronic stroke
[2, 60] or acquired brain injury [57]. However, spasticity
of cerebral origin needs approximately three times higher
doses of ITB in order to be reduced compared to the
doses in spasticity of spinal origin. Overall, ITB therapy
has been documented as a highly-effective treatment
of otherwise refractory spasticity of either spinal or
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cerebral origin. Reductions in muscle tone, spasm fre-
quency and spasticity-related pain, and improvements in
ability of ambulation, wheelchair seating, sleep, speech
and swallowing, as well as ease in patient care giving
have all been reported as positive sequelae following
ITB therapy [8, 17, 33, 84].

Emerging applications
Movement disorders

Over the last two decades, ITB has been established
as an effective therapeutic method for otherwise refrac-
tory spasticity. The accumulated promising data from re-
ported series of patients receiving ITB therapy together
with the fact that spastic hypertonia commonly coexists
with other neurological disorders have constituted a
solid basis for offering this kind of treatment to patients
suffering from other movement disorders. Dystonia is a
severe, incapacitating neurological disorder that is char-
acterized by sustained muscle contractions that cause
twisting, repetitive movements, and abnormal postures
[28]. Recently, baclofen pumps were implanted in pa-
tients suffering from generalized primary or secondary
dystonia with satisfactory outcome [3, 26, 94]. Dystonia
scores were significantly decreased compared to base-
lines values and improvements were reported in cases of
medically-refractory secondary dystonia, in whom cere-
bral palsy or traumatic brain injury coexist [3]. However,
the exact mechanism of action, the selection criteria of
suitable candidates, as well as the optimal placement of
the catheter tip within the spinal canal remain to be de-
termined. Interestingly, the range of indications of ITB
therapy is steadily increasing with great benefit in the
quality of life of sufferers from other less common neu-
rological disorders, albeit, such as amyotrophic lateral
sclerosis [51, 52], status dystonicus and Hallervorden-
Spatz disease [44], Freidreich’s ataxia [83] and stiff-man
person [80, 91]. The post-ITB functional outcome of these
patients remains unpredictable; the promising results of
these studies, however, will certainly encourage further
research in this field in order to define the potential role
of this neuromodulatory method in these incapacitating
disorders.

Vegetative state

Vegetative state may develop following severe brain
injury due to trauma, anoxia or other pathology; its man-
agement has proved to be particularly difficult, if not
unattainable. Notably, a considerable percentage of these
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patients (25-30%) [9, 13, 24] develop dysautonomic
abnormalities during the initial recovery stage, which
last an average of 74 days [9]. This dysautonomia syn-
drome, known also as sympathetic storm [15], involves
paroxysmal episodes, which may last longer than 1 week
and are characterized by hypersudation, tachycardia,
arterial hypertension, muscle hypertonia, hyperthermia,
and increased respiratory rate [9]. Diffuse axonal injury,
cerebral hypoxemia, brainstem lesion, and bilateral di-
encephalic lesions have been correlated with autonomic
dysfunction [24]. This condition is usually refractory to
antiadrenergic and analgesic drugs and results to prolon-
gation of artificial ventilation of the patient and con-
siderable delays in his/her rehabilitation program. ITB
was first associated with improvements in autonomic in-
stability in 1997, when it was continuously administered
in patients with supraspinal spasticity [12]. Becker et al.
[13] first reported on six patients (four of them were in a
vegetative state) suffering from pronounced autonomic
dysfunction and severe tetraspasticity from either hyp-
oxic or traumatic brain injury; following a positive re-
sponse to a screening baclofen trial, a pump for chronic
ITB therapy was implanted to all of them. Patients ex-
perienced dramatic reduction in most of their dysauto-
nomic symptoms and thereafter, no additional medication
was necessary. In 2000, the same group reported on four
patients suffering from dysautonomia syndrome and se-
vere midbrain syndrome (one of them was in a vegetative
state) [14]. All but one of them responded successfully
to intrathecal or intraventricular infusion of 250-400 pg
baclofen per day and their autonomic instability disap-
peared. More importantly, two of the patients presented
great improvement in their conscious state and ITB ther-
apy was discontinued. The third patient, being in a per-
sistent vegetative state, required continuous medication.
Two years later, Cuny et al. offered continuous ITB
therapy in four patients suffering from severe head in-
jury and paroxysmal dysautonomia [24]. All of them
presented dramatic improvement in their recovery, while
their autonomic instability subsided. However, authors
pointed out that “‘there was no scientific background
to think that baclofen could improve recovery indepen-
dently of dysautonomia”.

It is known, that, in 1996, FDA approved the use of
ITB for treating spasticity from traumatic brain injury
providing that one year has elapsed from impact. In
2003, Turner reported on six pediatric patients suffering
from spasticity, dystonia, and autonomic storming fol-
lowing severe head injury, who were intractable to all
conventional medications [89]. A baclofen pump was
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implanted to all of them and offered great improvement.
The patients could be weaned from all oral and intrave-
nous medication for hypertonia and autonomic dysfunc-
tion, and most of them became much more alert and
interactive. Finally, Taira and Hori reported on a se-
verely tetraspastic patient being in a persistent vege-
tative state who, unexpectedly, recovered dramatically
following continuous ITB infusion [85].

At present, although the pathophysiological back-
ground of ITB treatment in spinal spasticity is well
established, the mechanisms of action of baclofen in
supraspinal spasticity remain unknown. GABA-b recep-
tors are widely distributed throughout the CNS and have
been implicated in tonic inhibitory control of blood pres-
sure and sympathetic activity in animals [5, 18, 87]. The
exact location of GABA b receptors, however, which are
involved in supraspinal spasticity and autonomic dys-
function treated by ITB has not yet been fully under-
stood [14]. Currently, there is no pathophysiological
hypothesis which could explain the role of ITB in alle-
viating dysautonomic symptoms and improving recovery
in patients with severe brain injury. Further investigation
in the acute medical setting and research on pharmaco-
logical dynamics of baclofen within CNS are needed in
order to clarify the potential role of ITB therapy in the
recovery of these severely ill subjects.

Pain syndromes

The antinociceptive effect of baclofen has been known
from animal experiments since late 1970s [95]; however,
it has been used only sporadically for the management
of central pain in patients with coexisting spasticity after
stroke or spinal cord injury. In 1992, Herman et al., in a
double-blind, randomized study, investigated the effect
of ITB (50 pg) in patients with neuropathic and spasm-
related pain secondary to spinal cord injury, MS or trans-
verse myelitis [38]; a significant reduction in both types
of pain was documented, although musculoskeletal (low
back pain) remained unaltered. Few years later, Taira
et al. reported on 14 patients suffering from central pain
secondary to stroke or spinal cord injury who received
intrathecally 50-100 pg baclofen [86]. Nine of them
experienced significant reduction in pain severity and
improvement in coexisting allodynia and hyperalgesia.
In 1996, Loubser and Akman observed, following ITB
therapy, reduced musculoskeletal pain in 10 out of 12
patients who suffered from severe spinal cord injury
and mixed pain syndromes. However, no considerable de-
crease in neuropathic pain was noticed in these patients
[50]. Recently, ITB was shown to produce complete
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relief of painful lower limb paresthesias for a period of
20 months in a patient suffering from MS [31].

The role of baclofen in alleviating painful conditions
associated with autonomic dysfunction has also been in-
vestigated although in limited series of patients. Van Hilten
et al. evaluated the efficacy of ITB therapy in seven
women suffering from reflex sympathetic dystrophy with
multifocal or generalized tonic dystonia [90]. Three pa-
tients regained normal hand function and two of them,
were able to walk again. In another patient who received
ITB chronically, the pain and violent jerks disappeared.
In 2002, Zuniga et al. observed decreased allodynia
and pain, as well as marked improvement in autonomic
dysfunction following ITB infusion in a woman with
intractable, long-standing complex regional pain syn-
drome, type I [99]. Several studies have reported a ben-
eficial effect of ITB in patients with somatic pain, such
as low back pain and radiculopathy. Vatine et al. de-
scribed significant pain reduction for up to 6 hours fol-
lowing a single injection of 250 pg baclofen in patients
with low back pain due to root compression syndrome
[92]. Similar favorable response was reported by Zuniga
et al., when ITB therapy was offered in five patients
with chronic low-back pain and lumbosacral radiculop-
athy [98].

Over the last decade, the combination of baclofen
with other intraspinal analgesic agents such as morphine
and clonidine has evolved to be a challenging new field
for research and clinical practice. In 1992, Middleton
et al. reported on a 32-year-old woman with an estab-
lished incomplete tetraplegia suffering from intractable
painful anal spasms [62]; a baclofen pump had been im-
planted with moderate improvements in her symptoms.
Substantial decrease in muscle spasms frequency and pain
severity was documented when clonidine was added
to baclofen in the pump reservoir. The combination of
intrathecal baclofen with morphine provided long-term
pain relief (>20 months) in another patient with central
deafferentation pain and spasticity [31]. The analgesic
effect was also enhanced when baclofen and morphine
were co-administered intrathecally in a patient with
failed-back syndrome [98].

Various mechanisms have been suggested or postu-
lated in order to explain the analgesic effect of baclofen;
these, however, have not yet been clarified. These mech-
anisms include antagonism to substance P [76], pre-
synaptic inhibition of primary afferents or inhibition of
neurotransmitter release from primary afferents [29],
noradrenergic involvement [78] or cholinergic activation
[41]. Perhaps, the key element in the enhanced analgesic
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effects when baclofen is infused in combination with
morphine or clonidine result from activity at multiple
sites because the active sites of baclofen in the CNS
differ from those of other drugs [47]. It is an important
parameter that such drugs have proved to be compatible
when are co-administered intrathecally for at least
30 days [81, 88]. Taking together all the above issues,
it becomes obvious that neuromodulation practitioners
face a great challenge for further investigation and clin-
ical studies ahead. Undeniably, the role of intrathecal
baclofen as an analgesic agent needs to be established
through extended controlled, randomized and placebo-
controlled studies. At present time, it seems that ITB may
be offered in patients who have already been implanted
a device for intrathecal analgesia and who experience
either inadequate pain relief or untoward effects from
opioids, local anesthetics or clonidine [82].

Spinal cord stimulation and ITB

Finally, another interesting line of research which has
provided promising results, is the combination of spinal
cord stimulation (SCS) with ITB therapy in patients suf-
fering from otherwise intractable neuropathic pain [48, 49].
Linderoth et al. studied the combination of the above
two neuromodulatory interventions in 43 patients suffer-
ing from neuropathic pain of peripheral origin respond-
ing poorly to SCS [48]. The authors concluded that, in
carefully selected patients, ITB enhance the analgesic ef-
fect of SCS; moreover, it can be offered as single ther-
apy in selective cases in which SCS is contraindicated or
fails to improve pain.

Future directions

The field of ITB therapy offers unlimited opportu-
nities for research and clinical studies. A series of key
issues that may play an important role in the develop-
ment of this area are presented in the following sections.
First of all, the selection of suitable candidates for ITB
therapy is of paramount importance. Screening bolus
baclofen has proved indicative in the majority of cases;
however, this trial should never be conducted in a sim-
plistic way. It has been shown that in cases of diffuse
hypertonia secondary to traumatic or anoxic brain inju-
ries, the post-trial effect is not as profound as in spinal
cord lesions [12]. Generally, patients who have limited
residual motor and cognitive function respond poorly to
ITB bolus test. Hence, doses up to 300 pug are justified
before concluding that ITB is ineffective; moreover,
positive reactions to the drug may delay for more than
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4 hours [73]. These parameters should be always taken
into account before drawing conclusions on patient’s suit-
ability for ITB therapy. Experienced neuromodulatory
teams and research groups worldwide, in close collabora-
tion with the newly-formed Neuromodulation Commit-
tee of the World Federation of Neurosurgical Societies
(WENS) and other relevant committees and scientific
societies should create an ethical and scientifically solid
framework of guidelines which will enhance the role of
ITB in current neuromodulation practice and its wider
successful use in the clinical setting.

During the pre- and post-implantation periods, various
assessment tools are used in order to measure the neu-
rological deficit of the patient or evaluate the functional
outcome of the procedure. Over the last two decades,
Ashworth scale [7], modified Ashworth scale [16], Penn
Spasm Frequency Scale [69], and Tardieu scale [63]
have been proved to be valuable standard measures for
assessing patients before and after ITB therapy. However,
these scales have considerable limitations. For instance,
they are largely dependent on examiner’s experience and
interpretation of findings and it is difficult to be repro-
duced objectively by other members of the neuromodu-
lation group. Moreover, Ashworth scale fails to assess
velocity-dependent abnormalities that characterize spas-
tic hypertonia, while Tardieu scale does not record the
dynamic component of the movement which is elicited
in rest. On the other hand, post-implantation outcome
measures evaluate selected impairments rather than the
overall functional improvement of the patient. It is of
great importance to design new assessment tools such
as the Canadian Occupational Performance Measure
(COPM) that will reflect better the patient’s and family’s
satisfaction from ITB therapy rather than to focus on
individualized neurological findings [22, 46]. The cur-
rent line of research tends to develop high-technology
motion-analysis software that will enable examiners to
evaluate objectively the range of motion in each affected
segment of the body and analyze multi-component move-
ments, which are otherwise difficult to be assessed, such
as gait and standing ability. However, such systems as
well as sophisticated electrophysiological and biome-
chanical instruments are quite expensive, require experi-
enced operators and are available mainly in academic
centers rather than in everyday clinical setting.

From a surgical point of view, the placement of the tip
of the catheter within the spinal canal has been strongly
argued. Threading the tip of the catheter up to the level
of the sixth-seventh thoracic vertebra (T6—T7) has been
shown to be effective in reducing muscle tone in both
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upper and lower extremities in patients suffering from
quadriparetic cerebral palsy [34], tetraplegia secondary
to spinal cord injury [20], post-stroke hemiplegia [60],
and acquired brain injury [58]. Further randomized pro-
spective comparative trials are needed in order to assess
the safety and clinical efficacy of the higher placement
of the catheter in comparison with its conventional place-
ment in the thoracolumbar region. Towards this aim,
measurements of drug concentration in the cervical re-
gion following different placements may also help to
determine whether placement in the cervical area results
in higher concentrations of baclofen compared to place-
ment to lower thoracic areas [26].

Successful management of patients who receive ITB
therapy requires a committed, experienced, multidisci-
plinary team which will ensure the smooth transition
between the different stages of the therapy, during both
pre- and post-implantation periods. Physical and occupa-
tional therapists, neurologists, neurosurgeons, othopaedic
surgeons, pain practitioners, physiotherapists, and neuro-
psychologists, supported by well-educated nurses and
technical staff will select the best candidates for ITB
therapy, offer surgical implantation of the pump in a safe
way, and enforce patients and caregivers physically and
psychologically to achieve the maximum functional ben-
efit from this type of therapy.

Timing of initiating ITB is also of paramount im-
portance, particularly in those candidates who should be
offered other types of corrective or reconstructive ortho-
paedic surgery such as tenontometatheses, tendon length-
ening, or urological surgery for treating neuropathic
bladder [10, 32, 70]. Before deciding the implantation
of a pump, it is mandatory to evaluate the possible role
of spasticity in functional capacity of the patient. Many
sufferers take advantage from their hypertonia in order
to stand, seat in wheelchair or walk. In such cases, the
loss of these abilities may outweigh the gain from the
implantation of an ITB pump.

Current neuromodulation practice is steadily tending
towards less ablative, minimally-invasive procedures that
offer safety, reversibility, and accuracy. From a technical
perspective, ITB therapy is closely bound to the subcu-
taneously implanted pump which is driven telemetrically
by a battery-operated system. Current pumps are too big,
cumbersome and quite expensive, presuppose high ex-
pertise in programming of the ITB delivery, need refill-
ing every 3 months and replacement every 5—7 years
and more importantly, “bind” indefinitely the patient
with the attending neuromodulation team. It is expect-
ed that biotechnology will produce more sophisticated
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pumps, smaller in size, operated by rechargeable bat-
teries, with bigger reservoirs and easier programming
of their function.

Conclusion

Neuromodulation has been one of the most rapidly
evolving fields of current neurosurgical practice. Closely
bound with basic neurosciences such as neuroanatomy,
neurophysiology, and neurobiology and supported by
high-resolution digitalized neuroimaging studies and
sophisticated biotechnology advances, neuromodulation
offers unlimited opportunities for experimental and clin-
ical studies. In the foreseeable future, intrathecal baclofen
therapy, an established neuromodulatory intervention for
certain neurological disorders, will be undeniably at the
first line of research. In the years to come, the neuro-
chemical and neurophysiological mechanisms of action
and the unknown interrelationships of baclofen with
neural networks are likely to be elucidated; following
such a progress, ITB therapy may become an effective
therapeutic method, not only for spasticity, but for many
other incapacitating and disabling diseases of the central
nervous system.
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Summary

Intrathecal baclofen (ITB) therapy is an option for those in whom
predominantly lower extremity spasticity is severe, problematic, and
intractable to oral doses of medications and/or focal treatment. When
delivered to the lumbar area, ITB avoids high concentrations from
reaching the brain (4:1 ratio lumbar to brain cisterns).

A screening test dose is done prior to implanting the pump via a
lumbar puncture with 50 pg baclofen, working up to 100 pg if necessary.

There are two [2] types of pumps. The electronic programmable type
has the advantage of flexibility of dosing and frequent change of doses
for fine-tuning the patient’s optimal dose. The mechanical constant flow
type has the advantages of 1) being gas driven and not needing battery
replacement, and 2) not needing a programmer to refill, thus allowing
geographically removed patients to benefit from ITB.

Catheter complications are reduced by using a shallow-angle para-
median oblique insertion to the spine, and meticulous anchoring of the
catheter. Threading the catheter to T6/7 rather than the traditional T10/11
can allow upper limb relief also.

Long term efficacy is excellent, although catheter complications are
frequent, and if not recognized and treated, can lead to significant effects
of withdrawal of baclofen.

Keywords: Neuromodulation; baclofen; intrathecal pump; spasticity;
surgical implant; ITB.

Definition of spasticity

Spasticity is a velocity dependent increase in muscu-
lar tone and stretch reflexes [17]. It is a part of the upper
motor neuron syndrome caused by a lesion to the central
nervous system. Thus spasticity can be seen in a variety
of neurological disorders, inclusive of spinal cord injury
(SCI), multiple sclerosis (MS), stroke, acquired brain
injury, cerebral palsy, and others.

Spasticity therapy

Decisions to treat spasticity are made after comparing
the problematic effects of spasticity with the potential side

effects and benefits of therapy. Main problematic effects of
spasticity are individualized but often include pain, diffi-
culty with ambulation or transfers and activities of daily
living, interrupted sleep, difficulty with hygiene in specific
areas (e.g. palm or groin), seating difficulties, and contrac-
tures. However, many people with spasticity may not find
the spasticity problematic, in which case it can be left un-
treated. Some are indeed aided by spasticity. For example,
many people with significant quadriceps spasticity find
they are able to use their spasticity to perform standing
transfers or ambulate short distances, or they use that spas-
ticity to help “swing” their legs into bed.

If spasticity therapy is needed, a stretching routine
should be initiated. There are various medications avail-
able for spasticity, including oral baclofen, tizanidine,
clonidine, diazepam and other benzodiazepams, and
dantrolene. In addition, some medications have been
reported as being useful in some cases such as anti-epi-
leptics (gabapentin) and cannabinoids (commercially
available orally as Cesamet, Marinol, and, in Canada,
Sativex for sublingual use). Focal problematic spasticity
can be treated using botulinum toxin. Although it is a
focal therapy, patients with generalized spasticity can
often obtain benefit from it if a focal area of spasticity
is deemed most problematic (e.g. the hip adductor spas-
ticity in multiple sclerosis causing hygiene and dressing
problems). A full review of these oral, sublingual, and
focal therapies is beyond the scope of this chapter.

Intrathecal baclofen (ITB) therapy has been an in-
creasingly available option for those in whom predomi-
nantly lower extremity spasticity is severe, problematic,
and intractable to oral doses of medications and/or focal
treatment.
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Pharmacology of intrathecal baclofen

ITB therapy is the use of liquid baclofen delivered
from a pump placed in the lower abdominal wall, connect-
ed to a catheter tunnelled through the subcutaneous space,
around to the spine, then directly into the intrathecal
space around the spinal cord. This focuses the medication
at the tissues most responsible for spasticity, with little
exposure of the brain to the medication, thus allowing for
excellent lower body spasticity control without the sig-
nificant sedating side effects of oral medications.

Baclofen is a structural analog of gamma-aminobuty-
ric acid (GABA). It binds to the GABAg receptors in
lamina II and III, thus blocking mono and polysynaptic
reflexes [4]. Due to the hydrophilic nature of the drug,
baclofen taken orally results in little absorption into the
cerebrospinal fluid (CSF). Thus, large doses orally are
required, resulting in significant side effects (e.g. sedation)
as the concentration that reaches the brain approximates
that reaching the spinal cord. Penn and Kroin compared
the use of oral baclofen 60 mg/day to intrathecal 200 pg/
day and found the CSF concentration with the intrathe-
cal delivery was about 16-fold that of the oral delivery
route [26]. The key to success with intrathecal therapy is
that despite high concentrations of baclofen in the CSF
of the lumbar area, only % of that concentration is de-
tected in the cisterns of the brain [15, 16].

The onset of action of continuous-infusion baclofen
(assuming the line is primed) is within 6—8 hrs, with max-
imum activity by 24—48 hrs [25]. However, bolus delivery
of intrathecal baclofen can relieve spasticity within 30
minutes to one hour. The CSF levels after bolus diminish
rapidly in the first 1-2hrs (elimination half-life 1.5 hrs)
[15], but the time to get absorbed into lumbar grey matter
and have peak onset of action is 3—4 hrs.

Intrathecal baclofen is preservative and antioxidant
free. As many preservatives and antioxidants (e.g. alco-
hol, phenol, and formaldehyde) are toxic to the central
nervous system, one also must use preservative-free sa-
line when diluting the baclofen for use with constant
infusion mechanical pumps.

Indications and patient selection for intrathecal
baclofen therapy

Inclusion criteria for ITB therapy include spasticity
due to stroke, spinal cord injury, multiple sclerosis, brain
injury, and cerebral palsy. In traumatic cases, inclusion
criteria include only those at least one year post injury.
ITB is only indicated if the patient and caregivers have
realistic and obtainable goals to achieve by treating the
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spasticity (e.g. improving mobility, pain, or hygiene). The
patient and family must be committed to and be relied
upon for the long-term follow-up care required.

As the catheter is usually introduced in the lumbar
spine and threaded up to approximately to the T10 ver-
tebral body (i.e. lumbar spinal cord level), ITB is most
beneficial in treating lower body spasticity such as for
spinal cord injury [24], multiple sclerosis (MS) [2], and
cerebral palsy diplegia. In those with both problematic
upper and lower extremity spasticity, the patient, family,
and clinician need to be aware that the upper extremity
spasticity will not be as greatly affected with this ap-
proach. In these cases, one can use either concomitant
focal treatment to the upper extremities with botulinum
toxin, continued use of concomitant oral therapy, or, as
being done more and more frequently, thread the ITB
treatment catheter up to the mid thoracic area (T6-7),
thus affecting both upper and lower extremity tone. This
technique has been used with success in those with spas-
ticity from quadriparetic cerebral palsy (adults [21] and
children [10]), tetraplegia from spinal cord injury [1],
post-stroke hemiplegia [9, 20, 28], and acquired brain
injury [19]. For these groups for whom spasticity is of
cerebral origin, Meythaler et al. suggests that spasticity
should be present for at least 6 months, be at least grade
3 on the Ashworth scale (equivalent of 2 on the modified
Ashworth scale), and affect at least 2 limbs to this degree
[21]. The pharmacokinetic effects of infusing baclofen at
the T6-7 level have not been studied to the same degree
as lower infusion; hence, the ratio of baclofen at this
infusion site compared to the cisterns of the brain is
unknown (the lumbar to brain cisterns concentration ra-
tio is 4:1). As the infusion is more rostral in these cases
than in cases of infusing at T10-11, one may suspect the
side effects, from higher concentrations reaching the
cerebrum, may be greater. There have not been random-
ized prospective comparative trials to assess whether the
higher placement has less beneficial effects on the lower
limb spasticity compared to lower placement. Presum-
ably, based on the fact that the baclofen is mostly ab-
sorbed by the cord at the level it is infused, one would
suspect that tip placement at the T6-7 level would ben-
efit lower limbs less than placement at the traditional
T10-11 level.

Caution must be used in selecting intrathecal bac-
lofen therapy in those who require spasticity to stand
or ambulate, and attempts should be made before im-
plantation to determine the extent of benefit of reduc-
ing spasticity versus the consequences of eliminating
it. Likewise is the case for those who have compro-
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mised truncal tone, and further reduction of truncal
tone would cause significant problems with seating,
etc. Hypersensitivity to baclofen is a contraindication
to ITB therapy.

Intrathecal baclofen trial

Once the decision is made that intrathecal baclofen is
appropriate for a particular patient, the patient undergoes
a trial of intrathecal baclofen. Note that this trial is NOT
done unless there is an understanding that he/she will
go on to get a pump implant if the trial is successful.
Thus if costs, the logistics of getting refills, etc make the
eventuality of placing a pump impossible, there is no
point in undergoing a trial. The main purpose of the trial
is to be sure that intrathecal baclofen will ablate the
problematic spasticity, or lessen it, and that underlying
contractures are not the main problem. The trial should
also not be used to assess if the person will maintain
function such as ambulation or transfers with intrathecal
baclofen therapy, as the test dose may make the lower
limbs extremely flaccid, making transfers difficult and
taking away the ambulatory ability. The patient needs to
understand that the pump dosage can be fine-tuned to a
much greater degree than the trial dosage to allow for
the patient to maintain some tone for ambulating and
other activities.

The test dose of baclofen in an adult is generally 50 ng
in 1ml given via lumbar puncture or spinal catheter
bolus injection. This can be done in the outpatient set-
ting if the appropriate personnel and equipment are avail-
able in case of emergency. Blood pressure cuff, oxygen
monitor, pulse monitor, and intravenous set-up should be
ready for use if needed.

The person is examined pre-test dose to ascertain
Ashworth scores of the lower limbs, and these are doc-
umented. Patient perception scores such as the Spasm
Frequency Scale, and the Visual Analogue Scale for those
in whom spasms are painful should be documented. The
person is then re-examined %2 hour post injection, then
again at 1, 2, 4, and 6hrs post injection. In addition to
measures of spasticity, vital signs of blood pressure and
heart rate need monitoring. The patient may get up
between assessments, in fact is encouraged to, to be able
to assess the effect of the test dose on decreased triggered
spasms during transfers, mobility, etc.

A positive response to an ITB test dose is defined as
a 2-point drop in the average Ashworth score of the af-
fected limbs, or 2 points on the spasm frequency scale.
Some authors use a drop of a mean of 1 on the Modified
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Ashworth Scale (MAS) in cerebral origin spasticity as
being positive [9]. Considering the test dose is being
placed caudally at L.2-3 or L3-4, and that many with
cerebral origin spasticity may have upper extremity
spasticity with the plan of placing the catheter at mid-
thoracic level where it would have more effect on the
upper limbs, perhaps this more modest goal of achiev-
ing a drop of 1 on the MAS rather than 2 is more
realistic.

If insufficient effect is noted with the 50 pg test dose,
another test dose can be done on another day (as early as
the following day) of 75 pug in 1.5 ml, and then 100 pg in
2ml on a further day if needed. If response is not ade-
quate with 100 pg test, the person is not appropriate for
ITB therapy. An option for the test dose is to insert a
spinal catheter for the initial test dose and leave in place
for the following days if needed for a larger dose. The
alternative is to give the test dose via single lumbar
puncture injection, and if larger dose is later needed, the
injection is repeated with larger dose. In our experience,
we use the latter method as we have not had to go to
higher doses than the initial 50 pg bolus other than in
one case in which we went up to 75 ug test bolus with
good response.

The Medtronic SynchroMed II product monograph
suggests weaning the oral medications prior to the test
dose [18], but this can be extremely difficult for most of
this patient population, and there has been no need to
do so in our experience. Once the pump is implanted the
oral medications can be weaned as the pump dose is
increased.

Choosing the type of intrathecal pump

Once the decision is made to implant an ITB pump,
the type of pump needs to be chosen. There are clini-
cally available 2 types of propellant technologies for
these pumps: electrical programmable pumps and me-
chanical constant flow pumps. The electrical programma-
ble one is battery operated (SynchroMed II, by Medtronic
Inc, Minneapolis, Minnesota) and thus needs to be re-
placed every 5-7 years. The major advantage with the
programmable pump is the flexibility of programming
various rates of medication dosing throughout the day,
and the ability to frequently change dosing by repro-
gramming the rate. However, the pump needs to be
refilled by a person with expertise and access to a pro-
grammer, thus necessitating access to a large centre that
has an ITB pump program. Figure 1 depicts the Syn-
chroMed II pump and handheld programmer.
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Fig. 1. The SynchroMed II pump and handheld telemetry programmer.
Photo provided courtesy of Medtronic Inc

The mechanical constant infusion pump is gas driv-
en. It has 2 chambers, one filled with compressible gas
(fluorocarbon), the other being the medication chamber
(Fig. 2). When the medication chamber expands during
a refill, the fluorocarbon gas in the gas chamber com-
presses. The compressed gas then expands, thereby driv-
ing medication from the drug chamber into the catheter.

The mechanical pump has a pre-set flow rate (between
0.5-2.0ml/day), thus the daily dosage is adjusted by
changing the dilution of the medication in the pump.
This pump therefore, does not have the flexibility of
frequent dose changes as the dose can only be changed
when the pump is refilled and the dilution changed.
However, the major advantages are that it is not battery
driven, thus does not need replacement, is much less
costly, ($5900.00 Canadian for the Codman 3000 pump,
$9550.00 Canadian funds for the SynchroMed II: quotes
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as of September, 2005), and it is refilled without a pro-
grammer. There are presently 2 constant infusion pumps
available on the market, Medtronic’s IsoMed Constant
Flow Infusion System (Minneapolis, Minnesota), and
the Codman’s Model 3000 Constant Flow Implantable
Pump with Bolus Safety Valve (Raynham, Massachusetts).
The latter pump was previously known as Arrow 3000
and, before that, Therex 3000. Previously available was
the Infusaid by Pfizer. The life span of these mechanical
pumps does not depend on batteries, thus do not require
to be changed. We follow a patient with an Infusaid
pump that is over 14 years old, and patients with Therex
3000 pumps (now Codman 3000 pumps) that are up to
11 years old. As these pumps do not require program-
mers, we have trained nurses to refill these pumps, thus
allowing people who are severely disabled and diffi-
cult to transfer to our centre, or live a significant distance
from our centre, to benefit from intrathecal therapy. The
pump may be refilled at a centre remote from ours, and
the information transmitted to us by facsimile. These
pumps are very accurate (flow rates within 94% of pre-
dicted) and reliable (no pump failures have been re-
ported) [6].

Another advantage of the constant infusion pumps
includes the raised septum in the middle, which is easily
palpated through the skin, making the refill septum
easily accessible (Fig. 2). This is present on both models
of the constant infusion pumps (i.e. IsoMed and Codman
3000). In the Codman 3000 the bypass port is easily
accessible within the same septum as the refill septum,
but with the special bolus needle (Fig. 2, left side). The
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Fig. 2. The Codman 3000 Constant Flow Implantable Pump. On the left is the procedure for accessing the bypass port, on the right is the refill

procedure. Photo provided courtesy of Codman Inc
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IsoMed has a separate bypass port, which can only be
accessed by a 25-gauge needle, making accessing the
bolus path for diagnostic and therapeutic procedures
difficult at times.

Considering the pros and cons of each type of pump,
our team recommends the programmable SynchroMed II
in a person who needs fine tuning of dosage, especially in
an ambulatory person where frequent dose changes may be
a necessity to prevent taking away too much tone and thus
decreasing ability to walk and stand. However, this person
must have easy access to a centre with a programmer.

We recommend a constant flow mechanical pump
(usually the Codman 3000, as the bypass port is more
user friendly) in those for whom cost is a consideration,
those who are geographically remote from our centre,
those for whom transport is an issue (e.g. in personal
care homes), those who do not stand or ambulate and
thus fine tuning is not an issue, and those who have had a
previous programmable pump at a very stable dose but
need replacement due to battery failure.

ITB pump implantation

With implantation, one must consider the following:
the pump site, the level and technique of entering the
spine, and how far proximally to place the tip of the
intrathecal catheter. The decision regarding pump site
location should be based on consultation preoperatively
with the patient and the team that will be doing the long-
term refills. It should be placed in a location free of
orthosis, wheelchair and restrictive clothing. If a body
brace needs to be worn, the orthotist needs to be con-
sulted regarding placement of a foramen to accommo-
date the pump. The pump should not be placed on the
belt line, near the pelvic bone or rib cage, on near os-
tomies, feeding tubes etc. If a scoliosis is present, the
implant should be on the convex side of the curve where
possible. As the curve progresses, if the pump is on the
concave side, it can get progressively more difficult to lo-
cate and fill. The pump site should be marked in sitting.
For very thin patients, and for those in whom possible
skin erosion with body jackets is a concern, subfascial
pump placement should be considered. This implant un-
der the anterior rectus abdominus and external oblique
fascial layer provides for better soft tissue coverage and
minimize the risk of skin breakdown [14]. As the fascia
is not thick, the pumps implanted as such should not be
much more difficult to refill, although this is certainly
a possible concern. Recently, Ross ef al. reported a case
of implanting a pump in the lower thoracic, paraspinal
region to minimize the differential motion between the
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spine and the pump in a person with recurrent catheter
migrations [29]. However, this technique was not suc-
cessful until the catheter was secured to the fascia with a
butterfly anchor, suggesting perhaps the more important
issue in this case was catheter fixation rather than pump
placement site.

Specific details of making the pump pocket will not
be discussed, other than to say the incision should be
either cranially or caudally to where the pump will be
placed, not directly over it, as the scarring would make
future location of the septum difficult.

The spinal catheter is the next consideration. Long-
term complications of the catheter can be minimized
with a mid-upper lumbar dural entry level, a shallow-
angle paramedian oblique insertion trajectory (Fig. 3),
and meticulous anchoring of the catheter. The entry of
the needle through the skin or fascia should be 1-1 %2
vertebral levels caudally to the interlaminar space tar-
geted for dural puncture, and 2 cm lateral to midline of
the L.2-3/L3-4 interlaminar space (Fig. 3). This tech-
nique avoids the catheter from contacting the spinous
processes, which can erode the catheter over time, and
allows easier rostral threading of the catheter in the in-
trathecal space [8].

Catheter dislodgements are frequent if no anchoring is
used [7]. Thus the catheter should be anchored to the
lumbo-dorsal fascia (not subcutaneous fat) with heavy,
non-absorbable suture material to keep the anchor in
place [7].

site

Skin entry
site

Fig. 3. The shallow angle, paramedian, oblique trajectory for the
spinal insertion of the intrathecal catheter. (a) Sagittal view, (b) AP
view. Photo provided courtesy of Medtronic Inc
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The placement of the tip catheter within the spinal
canal is determined preoperatively based on goals of
targeting upper limb spasticity in addition to lower limb
spasticity. If targeting upper limb spasticity is of impor-
tance, then the catheter can be threaded up to the T6-7
level, with good outcomes as referenced above. To esti-
mate the amount of catheter needed to thread up the
intrathecal space, one can measure, on the surface of the
skin, the distance between T6-7 and the insertion point,
L2-3 or L3-4.

Dosing post implant

The starting dose of ITB post-implant is dependent
on the effectiveness of the screening trial dose. If the
effect of the screening dose is less than 8 hrs, the starting
dose (dose per 24 hrs) is double the screening dose, such
that an effective screening dose of 50 pg lasting less than
8 hrs would indicate a starting dose of 100 pg/day. If the
screening dose was effective for more than 8 hrs, then the
starting dose per day would be the same as the test dose.

For programmable pumps, usually start with a
500 pg/ml concentration, which allows for dosing as low
as 24 pg/day if needed. Titration can be started as early
as the following day post implant, increasing as needed,
as much as 10% at a time. Due to ability to titrate up with
a programmable pump so quickly, oral medications may
be fairly rapidly tapered.

For the mechanical, constant rate infusion pumps,
start with the concentration of drug that will give an
appropriate starting dose per day. For example, if using
a 0.5 ml/day pump, and starting with a dose of 100 png/
day, then one starts with a concentration of 200 pg/ml
(100 pg/day divided by 0.5 ml/day =200 pg/ml). With
the initial fill, start with a volume of 10ml so that a
refill can be done to modify the dose early post im-
plant. Calculate the total dose to be placed into the pump
first, i.e. Desired concentration X desired total volume
(200 pg/ml x 10 ml = 2000 pg). Thus if using baclofen
500 pg/ml, use 4ml of the baclofen (2000 pg divided
by 500 pg/ml =4 ml), then dilute with 6 ml of preserva-
tive free saline (for total of 10 ml). In a pump delivering
0.5 ml/day, this will deliver 100 pg/day to the intrathe-
cal space. Titration of dose upward is much slower with
these pumps, as the dose changes can only be made with
refills.

Efficacy of intrathecal baclofen long term

The effectiveness of baclofen intrathecally is excel-
lent. An early multi-centre study done to assess long term
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safety and efficacy in patients with ITB followed people
with MS or SCI for 5-41 months post surgery (mean 19
months) [2]. This group found that at last follow up
exam, the mean lower extremity Ashworth was 1.7,
down from a preoperative mean of 3.9. Muscle spasm
score dropped from 3.1 to 1.0. The therapeutic dose rose
from 187 pg/day to 405 pg/day over time, although the
spasm frequency score did decrease during this time,
suggesting it may just take several months to really find
the “therapeutic dose”. More recently Ordia et al. re-
ported similar results on long-term follow-up of people
with ITB, again for spasticity of spinal origin [23]. The
average length of time since implant ranged from 2 to 137
months (mean 73 months). The mean Ashworth scale
had dropped from 4.2 pre-implant to 1.3 at last follow
up, and the mean spasm frequency score had decreased
from 3.4 to 0.6. Many of the other studies of efficacy are
not as long term as the two described, thus will not be
reviewed here.

Although there is excellent long-term effect of ITB,
there are significant complication rates. Complication
cause is often difficult to diagnose, and usually leads
to acute underdosing, causing withdrawal associated with
significant morbidity and mortality. The following issues
must be considered with regards to long-term efficacy:
the risk of loss of effect from drug tolerance, the risk of
loss of effect and withdrawal from complications, and
the risk of overdose. The complications causing loss
of effect and withdrawal can be device-related due to
catheter or pump malfunction, human error in dosing,
programming or compliance, or battery-life related. Over-
dose is rare, and is usually caused by human error.

Drug tolerance

Drug tolerance has been reported by various authors
and can range 3-20% [3]. Some authors recommend a
“drug holiday” in which the baclofen is replaced by a
medication such as morphine in the pump for up to a few
weeks. A recent case report nicely describes tolerance in
a patient 9 years after starting ITB therapy, with excel-
lent effects of a 15-day drug holiday from baclofen using
intrathecal morphine [30]. Coffey er al. stated that in
their study, 6/75 developed suspected “drug tolerance”,
which was treated with a “‘drug holiday” for 3—-37 days
[2]. There is a comment that some started back on lower
doses, some on higher doses of ITB, but no comment on
whether these drug holidays were successful in resuming
therapeutic effect once ITB was resumed. Similar to this
study, in the literature, the effectiveness of these holi-
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days is not well described, and the risks and discomfort
of baclofen withdrawal during this holiday may not be
worthwhile. It is likely that many cases of so-called
“intolerance’ are actually due to lack of effect due to
catheter malfunction, as these catheter problems are often
difficult to diagnose [5].

Device-related complications
Catheter related complications

Catheter complications are by far the most common
cause of problems related to ITB therapy. In the trial by
Coffey et al., of 75 patients, catheter complications in-
cluded 7 kinks, 8 dislodgements, 6 cuts/breaks, or about
2/3 of the device related complications [2]. Our group
reported catheter problems requiring replacement in 7/17
subjects [6]. In Ordia’s study following 152 people up to
137 months, there were 12 occlusions or kinks, 8 breaks
in 6 patients, 2 punctures, and 2 dislodgements [23].

Pump related complications

Coffey reported that pump underinfusion occurred in
2/75 patients, and pump stall in 1/75 patients of a study
of programmable SynchroMed pumps [2]. Ordia et al.
[23] reported one ‘“‘stuck valve” and 2 flipped pumps.

A spontaneous ‘“‘overdose” by these pumps has not
been reported. Overdose occurs by human error in cal-
culations or programming, especially when doing con-
centration changes from 500 pg/ml to 2000 pg/ml, or by
concomitant illnesses or medications being experienced
by the patient, but not by the pump suddenly or sponta-
neously delivering more medication than expected.

Pump failure due to battery failure is an issue with the
programmable pumps. The older pumps were expected
to last 4-5 years, and the SynchroMed II for about 7
years. There is a low battery alarm, but it is difficult to
hear, and Green et al. describe a case of death from
ITB therapy withdrawal due to end of battery life and
not hearing the alarm [11]. Thus once a patient is ap-
proaching the expected end of battery life for a pump,
we schedule a replacement regardless of whether the
alarm is going off yet.

The constant flow/mechanical pumps are not battery
driven, thus do not need to be replaced. The longest
running Codman 3000 pump (called Therex 3000 then)
we follow was implanted in 1994, and this patient with
MS is still doing well with her ITB therapy pump and
the pump is still running effectively. Our group has re-
ported on these pumps as being accurate and reliable
in the long term, with accuracy of the pump delivery
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ranging from 90-97%, and there being no primary pump
failures since first implant in 1994 [6].

Other complications

Certainly many other complications have been report-
ed and included pump site infection, breakdown, and
seroma, cerebrospinal fluid leaks, hypotonia and somno-
lence. Acute baclofen withdrawal from failure of the
system, whether it is from a pump stall, end of battery
life, catheter malfunction, or pump running dry, can be
very serious. Death from withdrawal has been reported
in 6 people [3]. Effects of acute withdrawal from ITB
can include seizures, rhabdomyolysis, hypotension, in-
tractable spasticity, fever as high as 43.2 degrees Celsius
[12], agitation, and other organ failure. Thus prevention
of withdrawal is obviously important, including educa-
tion of the seriousness of withdrawal, being fastidious
with refilling, programming, and scheduling (scheduling
earlier rather than later, even if it means wasting signif-
icant leftover baclofen), and monitoring closely for end
of battery life. Early recognition and education of rec-
ognition of acute withdrawal is of utmost importance.
Early oral replacement of baclofen can be taught to pa-
tients to start as soon as withdrawal is recognized (i.e.
increased spasms). Resumption of ITB therapy early is
optimal. In cases where this is not possible, and oral
replacement of baclofen is not adequate, intravenous di-
azepam has been recommended as it works quickly [27].
Dantrolene has also been reported as useful [17]. As
baclofen withdrawal is clinically similar to serotonergic
syndrome, the serotonergic antagonist cyproheptadine has
been found to be helpful [22].

Conclusions

Intrathecal baclofen therapy is a good option in those
with severe, intractable, problematic spasticity not ame-
nable to other therapies. However, there is potential for
significant complications, especially that of drug with-
drawal complications from catheter dislodgment or mal-
function, patient non-compliance, schedule and dosing
errors, and battery failure. Withdrawal can cause signif-
icant morbidity and mortality, thus utmost care should
be taken to avoid this, with proper patient selection,
expertise in placing the pump and catheter, and meticu-
lous follow-up scheduling, refilling, and reprogramming
the pump. The treating interdisciplinary team needs to
have an intimate knowledge of the workings of these
pumps. Proper education prior to pump placement of
patient and family as to what to expect from ITB therapy
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in the long term can help identify real, treatable goals
that can be achieved and ensure the best outcomes.
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Summary

Spasticity is a disorder of the sensorimotor system resulting in velo-
city-dependent increased muscle tone and tendon reflexes. Intrathecal
baclofen is currently the most effective means of treating diffuse abnor-
mal spasticity of both cerebral and spinal origin in the adult and pediatric
patient. Careful patient assessment, selection and continued therapies are
essential to a successful intrathecal baclofen management program.

Once a patient receives a baclofen pump, close monitoring is needed
for dose adjustment and pump problems. Baclofen overdose and with-
drawal by either system failure or human error can cause significant side
effects and be life threatening. Excellent understanding of the baclofen
delivery system, programming and dose effects are needed to evaluate
any patient complaints.

Future uses of intrathecal pump therapy includes use of other intrathe-
cal drugs besides baclofen (or in combination with baclofen) and the
effects of placing the catheter tip at various spinal levels.

At the University of Minnesota, Sister Kenny Institute and Gillette
Children’s Specialty Healthcare our experience has shown excellent re-
sults with this form of therapy over the last 12—16 years.

Keywords: Neuromodulation; spasticity; intrathecal baclofen; pump;
treatment; ITB.

Basic science and treatment of spasticity

Spasticity is a disorder of the sensorimotor system
characterized by a velocity-dependent increase in muscle
tone with exaggerated tendon jerks, resulting from hy-
perexcitablity of the stretch reflex. It is one component
of the upper motoneuron syndrome, along with released
flexor reflexes, weakness and loss of dexterity [36].

In a cerebral injury (such as cerebral palsy, multiple
sclerosis, neuro-degenerative diseases, traumatic brain
injury, and stroke) the upper motor neuron syndrome
occurs when there is an interruption of the descending
projections from the motor neurons in the cerebral cor-
tex and brain stem that modulate excitation of the inter-
nuncial pool of inhibitory interneurons and the alpha and

gamma motor neurons. The net effect is a reduction of
inhibitory influences and an increase of muscle stretch re-
flexes (hyperreflexia), increased muscle tone (spasticity),
weakness and disinhibition of the flexor reflex (Babinski
sign) [26]. Patients often demonstrate antigravity pos-
tural patterns with shoulder adduction, elbow and wrist
flexion, hip adduction, knee extension and ankle plantar
flexion [36].

In a spinal cord injury, afferent activity enters the cord
at one level and ascends or descends without inhibition
on segmental polysynaptic pathways to other levels of the
cord. This results in muscle responses many limb seg-
ments removed from the afferent generators originally
stimulated [36]. Spasticity with increased muscle tone,
exaggerated tendon jerks, clonus, weakness and loss of
dexterity occurs. Even though strong flexor muscles tend
to dominate the clinical movement patterns, cumulative
excitation in the cord may spill over to the flexor and
extensor muscle groups [36].

Although clinicians try to lessen spasticity to im-
prove motor control and reduce its effects on sleep, skin
breakdown and pain, the presence of loss of dexterity
and weakness are often more important to the decreased
function of the patient [36, 35].

Treatments for spasticity include physical and occu-
pational therapies. Oral pharmacologic agents such as
dantolene sodium, baclofen, diazepam, tizanidine and clo-
nidine are used. Local treatments include injections with
anesthetics, ethyl alcohol, phenol and botulinum toxin.
Surgical procedures include selective posterior rhizotomy,
tendon lengthening and tendon release or transfer. For the
treatment of more generalized spasticity, intrathecal anti-
spastic drugs such as baclofen and morphine are used.
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At this time, baclofen is the most commonly used
intrathecal drug for spasticity management. Continuous
intrathecal baclofen can eliminate spasticity when oral
therapy with baclofen has failed [25]. Baclofen binds to
presynaptic GABA-B receptors within the brainstem, the
dorsal horn of the spinal cord, and other central nervous
system sites [3, 50]. The effects of intrathecal baclofen
are believed to be caused by hyperpolarization of motor
horn cells [3]. Baclofen lessens flexor spasms and hy-
peractive stretch reflexes in hypertonus of spinal cord
origin. It also benefits those with hypertonia from cer-
ebral lesions [35]. When baclofen is delivered intra-
thecally, the oral side effects of drowsiness, confusion,
and decreased attention are minimized [3, 33]. The
administration of baclofen by intrathecal catheter deli-
vers a greater concentration to the spinal subarachnoid
space, as compared with oral delivery [37]. When the
catheter is placed in the thoracolumbar and sacral re-
gions, the lumbar to cistern drug cerebrospinal fluid
concentration gradient is 4.1:1 [32]. It is thought that
this concentration helps avoid the side effects of drowsi-
ness, lethargy, and sudden respiratory arrest by minimiz-
ing the concentration of drug reaching the brainstem and
cerebrum.

Adult indications and selection criteria
for intrathecal baclofen

Intrathecal Baclofen (ITB) is currently the most effec-
tive means of treating diffuse abnormal spasticity of
both cerebral and spinal origin [5, 38, 43]. It has FDA
approval for both indications [49]. Though not FDA
approved for other indications, it has been found to be
helpful in movement disorders such as dystonia and ri-
gidity [5, 19] and some pain disorders such as chronic
reflex sympathetic dystrophy [54].

Patients and clinicians alike are impressed at the dra-
matic improvements in tone, pain, range of motion, and
function after initiation ITB followed by an interdisci-
plinary team approach to rehabilitation [15, 38].

Patients are screened for potential efficacy of ITB by
performing a test dose of baclofen via lumbar puncture
before consideration of implantation. Objective measure-
ments are perfomed throughout the day of injection to
determine whether there have been changes in tone, gait
quality or speed, dysphagia, dysarthria, spasm scores,
pain, and other functional skills. Individual response to
the test dose may be subtle or dramatic, and the clinician
determines whether ITB therapy is indicated based on
the result [49].
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A careful assessment and selection process is essential
to a successful spasticity management program which
utilizes ITB therapy. Those with hemiplegia/tetraplegia
will derive more benefit to the lower limb(s), although
placement of the catheter tip in the high thoracic or
cervical area has been found in some studies to improve
tone relief to the upper extremity [23, 28]. It is generally
advisable to try other methods of spasticity management
before proceeding to ITB therapy, such as oral medi-
cation administration or focal injections of botulinum
toxin or phenol. However, there may be certain patients
in which these approaches are contraindicated or the ab-
normal tone is so severe that these approaches are not
likely to be of benefit. Those with cognitive impairment
who are sensitive to medications with sedative qualities
are a good example [38] (Table 1).

Once a potential candidate is identified, contraindica-
tions to this type of therapy must be examined before
proceeding with a test dose. Adverse reactions with oral
baclofen such as sedation or GI upset are unlikely to
occur with ITB [43]. Seizure disorders and ventriculo-
peritoneal shunts are not contraindications to ITB ther-
apy as long as the primary provider for these disorders is

Table 1. Ideal adult candidates for intrathecal baclofen therapy

— Spastic hemiparesis secondary to stroke or other CNS insult

— Spastic paraplegia or tetraplegia due to spinal cord pathology

— Spasticity and/or dystonia due to cerebral palsy or brain injury

— Patients responsive to oral medications with unacceptable side
effects or inadequate relief

— Those with inadequate response to botulinum toxin or phenol block
injection therapy

— Cooperative, motivated patients with good ability to comply with
clinic follow-up/therapy

Table 2. Contraindications of intrathecal baclofen therapy

Absolute adult contraindications for intrathecal baclofen

— Medical instability precluding spinal surgery

— Uncontrolled coagulopathy — due to risk of intraspinal hematoma

— Hives or anaphylactic reaction to oral baclofen

— Inability to access a spasticity management program or home care
agency for maintenance

— Lack of response to screening trial

Relative adult contraindications for intrathecal baclofen

— History of medical non-compliance

— Pregnancy

— Arachnoiditis

— Mental illness

— Active chemical dependency

— Lack of reliable caregiver for cognitively impaired patient

— Less than 6—12 months post stroke, spinal cord injury, traumatic
brain injury

— Previous failure of ITB therapy

— Upper limb tone only
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agreeable to long term use of ITB. In hemiplegic pa-
tients, the unaffected limbs are not adversely affected by
ITB [38] (Table 2).

Caution must be exercised in the use of ITB in those
patients who are still ambulatory or actively transferring
themselves. Those with abnormal tone adapt physiolo-
gically to the tone and use it to their advantage as much
as possible. Patients often underestimate this factor and
are unprepared for the extensive rehabilitative efforts
which must ensue after placement of an ITB pump.
Activities of daily living (ADL) tasks and mobility tasks
must be ‘“relearned” with less reliance on tone [3].
Potential candidates for ITB therapy need to understand
that adaptation to the ITB pump and proper dose titra-
tion can often take one year in order to obtain the best
results. The ITB therapy alone is not nearly as effica-
cious as when combined with aggressive physical, occu-
pational and speech therapy. Many motivated patients
continue to make positive neurologic adaptations and
changes for years after pump placement. Improvement
in speech, swallow, motor function, bowel, and bladder
function have all been found after ITB therapy [46]. For
this reason, timing of initiating ITB is important in those
who may be candidates for other types of surgery such
as tendon lengthening, bladder surgery, or reconstructive
orthopedic surgery [20, 38]. It is often helpful in adult
patients to place a pump and optimize dose titration
before these types of procedures are undertaken. This
approach may differ significantly from approaches for
pediatric management. Decisions regarding major equip-
ment needs such as new orthotics or new wheelchair
systems should be put off until after implantation of an
ITB pump due to the fact that prescriptions for these
devices may change with optimization of tone.

Special consideration is given to those patients with
Multiple Sclerosis (MS) [44]. Requests for consultation
regarding worsening spasticity and consideration of ITB
therapy often occur in the context of rapid worsening of
MS. Those with initiation of ITB therapy at this point
will often blame the ITB therapy as the reason for inabil-
ity to ambulate post operatively. These patients may
have been overly reliant on tone rather than on intrinsic
strength for gait and they also frequently experience
continued MS exacerbation due to stress from surgery
or natural course of disease. Clear discussion of realistic
expectations and potential loss of motor ability should
take place before ITB therapy is considered. There is a
trend toward earlier implantation of ITB pumps in those
with MS before a significant amount of ambulatory abil-
ity is lost. ITB therapy is also quite appropriate in the
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late stage MS patient with wheelchair bound status, both
for comfort and caregiver ease.

Cognitive impairment in those with ambulatory ability
can be problematic at times. New learning and memory
are essential in making the most out of the combination
of therapy and ITB. These patients are often poor histor-
ians, and when pump problems arise, management diffi-
culties ensue. They may have poor coping skills which
complicate the troubleshooting process. These patients
cannot recall their functional performance pre-pump,
and thus have a tendency to underestimate the benefit
derived. Videotape of the patient’s functional abilities
pre and post pump placement can be very helpful for
both the clinician and the patient for evaluation of ITB
efficacy.

General management of the adult patient and pump

Management of the implanted intrathecal baclofen
pump begins at the initial evaluation. Addressing and
clarifying the patient’s expectations is crucial. It is very
important that the patient understands ITB therapy as a
treatment and not a cure.

Intrathecal baclofen therapy takes time to reach the
most therapeutic dosing possible for each individual.
The patient must understand that the intrathecal baclofen
therapy is only part of the picture. He or she must be
willing to commit the time and energy it takes to work
with the therapies prescribed to allow the changes and
improvements to occur.

With most adult patients, initial dosing is set at
100 pg/day. This may need to be set lower if the patient
was sensitive to the trial bolus dose. It is wise to start
with a baclofen concentration of 500 pg/ml since it is
unknown how high a dose the individual will need.
Later, when the daily dose reaches over 200 ug/day
the baclofen concentration can be increased. Dose
increases of 10-20% initially are suggested until a ther-
apeutic level is reached or the patient shows unaccept-
able side effects such as excessive drowsiness or urinary
retention. Some conditions such as MS, require a con-
servative increase since these patients tend to be more
sensitive to dose changes. Supplementing the patient with
small doses of oral baclofen may be necessary until a
therapeutic intrathecal dose is reached.

Spasticity can increase with an injury, infection, ill-
ness or even psychological issues such as stress or de-
pression. The dosing regimen can be changed to fit the
patient’s needs. Bolus doses can be added to the con-
tinuous infusion mode at specific points of the day when



166

spasticity is increased. If the patient becomes tolerant to
increases in daily dosing or if there are side effects to
higher dosing, one can consider intermittent bolus dos-
ing as an option. Intermittent bolus dosing gives the pa-
tient a scheduled bolus dose. Bolus doses are best set
at either every 4 or 6 hours to accommodate the 24 hour
clock.

Compliance is imperative with pump refill appoint-
ments. Pump refill appointments are set up approximate-
ly a few days before the low reservoir alarm date. A
prescription of oral baclofen is necessary for the patient
to have on hand in case of pump or catheter failure. If
the patient complains of symptoms of withdrawal, im-
mediate action must be taken.

Adult experience with ITB at University of
Minnesota and Sister Kenny Rehabilitation Institute

The combined adult ITB pump experience between
Sister Kenny Rehabilitation Institute and University of
Minnesota Hospitals and Clinics represents over 300
ITB patients over 16 years. In our clinical experience
we have found the following:

1. No matter how clinically appropriate the patient
may be for ITB, inadequate coping skills or psychia-
tric problems have been difficult to manage in the
clinic setting.

2. Educating the potential user of the pitfalls of ITB
therapy through multiple discussions before a pump
is placed results in a much smoother process if prob-
lems do arise. We discuss the potential for infection,
catheter malfunction, drug withdrawal and overdose
at length with these potential candidates in the clinic,
at the dosing trial, and at the preoperative appoint-
ment so that patients and their families clearly under-
stand the risks as well as the benefits.

3. Use of an experienced surgeon for implantation has
been crucial in terms of managing complications.
Our experience has been that those surgeons doing
less than 12—-15 implants per year or those with less
than 50 total implants have a high rate of complica-
tions. We have had equally good luck with Neurosur-
geons, Anesthesia Pain Specialists, and Orthopedic
Spine surgeons as long as they are well trained.

4. Use of a team of therapists well trained in the ex-
pected changes following ITB placement has
worked much better than utilizing a variety of thera-
pists. We try to train one to two Physical, Occupa-
tional and Speech therapists who will essentially
have a dedication to the program for our trial dosing
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tests and also our post operative rehabilitation. The
physician works closely with these individuals to
help with dose titration. If the patient is too weak
to make rehabilitative gains following an increase in
dose, the therapist will notify the physician’s office
to turn down the rate slightly. Conversely, if the tone
remains too high to make gains, a dosing increase
recommendation is often made by the therapist in
order to facilitate optimum use of therapy sessions.

. Once a pump is placed, an inpatient rehabilitation

stay under the care of the ITB pump managing phy-
sician has been very valuable in terms of future
clinic management of the patient, even if the stay
is only for five days. Those who are completely
independent in activities of daily living and mobility
or completely dependent in these areas are not
appropriate for an inpatient stay.

. After the surgery, it is helpful to provide the patient

with a supply of oral Baclofen and perhaps Cypro-
heptadine and Diazepam so that they have an emer-
gency supply of medications to start if there are
symptoms of ITB withdrawal. This will minimize
their discomfort until reaching medical attention. We
educate extensively on symptoms of withdrawal.
Diffuse pruritis with increased tone is felt to be
ITB withdrawal until proven otherwise.

. Even though there are many diagnostic tests avail-

able to determine whether there is a malfunction of
the ITB pump or catheter, there is no substitute for
clinical judgment. We have had many cases in
which multiple diagnostic tests do not show any
pump abnormality, but the patient is clearly not hav-
ing a benefit, despite significant dosage increases.
Whether this has occurred as a result of micro tears
in the catheter or kinking intermittently by patient
position is often unknown. It is rare for the device
itself to malfunction before the battery expires.
However, replacement of a catheter is quite reason-
able just on clinical suspicion alone, without sup-
portive diagnostic tests, and usually results in
success after catheter replacement. Placing the dose
at the last known effective dose or lower is advisable
with catheter replacement due to the potential for
overdose.

. We have had excellent results with early implanta-

tion in those with MS who are still ambulatory, even
if the spasticity is subtle or only present dynami-
cally with gait, and quiescent with rest. The ITB
seems to have a very favorable effect on fatigue
associated with increased work of ambulating with
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excessive tone. Many of these patients will have in-
creased fatigue with oral medications.

9. Those who are wheelchair bound or bed bound with
needs to decrease tone for caregiver ease or for pain
management tend to do very well with ITB.

10. Individuals who are very active or have very high
tone tend to have more problems with catheter mal-
functions.

11. The use of botulinum toxin and phenol blocks for
remaining areas of focal tone that are resistant to the
effects of ITB are still quite helpful and appropriate
after pump implantation. Ankle plantar flexors and
inverters, shoulder internal rotators, and wrist/finger
flexors tend to be problem areas that may need more
spasticity intervention than other parts of the body.
We often only need to do a few injections post
operatively if the patient is diligent in home exercise
and orthotic use, and the gains made with the injec-
tions are often maintained by the ITB pump. There
are often recalcitrant areas of tone in the upper
extremities which may need ongoing treatment.

12. We have patients greater than five years post implan-
tation who are still making functional gains through
diligent exercise and remediation of old contractures
and poor gait habits. We have a lot of success with
heel cord lengthening after ITB placement in those
with persistent knee recurvatum and other gait ab-
normalities related to plantar flexion contractures.

Indications and selection criteria for intrathecal
baclofen use in pedicatrics

Interventions for hypertonicity are fairly limited for
the pediatric population. Most of the medications that
are commonly used have not been specifically research-
ed for use in children and therefore they do not have
FDA labeling for this use. Also, no single medication
has been found to be effective to treat increased tone in
all individuals [29].

As in adults, the mere presence of hypertonicity is not
an indication for its treatment [30, 52]. It is essential to
have goals that are anticipated to be achieved through its
reduction. These goals may be to improve function, in-
crease comfort, or make care provision easier. Also im-
proved positioning can be an appropriate goal of tone
reduction [30, 52]. It is important to consider whether or
not tone is being used functionally. For example, an
individual might be making use of their extensor tone
in order to facilitate standing pivot transfers. If this is the
case, tone reduction might negatively impact this ability.
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It is important to eliminate potentially treatable con-
ditions that can result in increased tone prior to consid-
ering the implantation of a programmable pump for the
continuous delivery of intrathecal baclofen. Treatable
causes of increased tone include urinary tract infections,
pressure sores, fractures and dislocations, hydrocepha-
lus, and nutritional status [51, 24, 52].

Intrathecal baclofen has been shown to be effective in
the treatment of children with spasticity of cerebral and
spinal origin [2, 4, 21]. Ideally, a multidisciplinary team
including pediatric neurosurgery, pediatric rehabilitation
medicine or neurology and pediatric orthopaedics should
evaluate the child being considered for intrathecal baclo-
fen. Screening by physical therapy and social work are
also important [7].

Typically, the child for whom intrathecal baclofen is
recommended has generalized tone increase that is not
responsive to oral medications. This abnormal tone can
be spastic, dystonic or a combination. It also interferes
with function or the provision of care.

As increased tone is almost always responsive to
intrathecal baclofen, it is not mandatory to perform a
trial screening prior to implantation if other factors make
it more complicated. These factors could include being
post spine fusion or having severe scoliosis.

The child must be large enough to support a pump.
The pump itself is about 7.5 cm in diameter. The thick-
ness is determined by the reservoir size. Typically, a
15-kg child is large enough to accommodate the size of
a pump. Nutritional factors are also important, as they
must have sufficient subcutaneous fat to provide for tis-
sue between the pump and skin and decrease the possi-
bility of erosion of the pump through the skin.

As with any implanted device, there is a risk of in-
fection with intrathecal baclofen pump systems. Al-
though the frequency reported in the literature varies
from 0-16%, it is generally thought that the risk is
similar to that of ventriculoperitoneal shunt infection
at about 5% [10, 25, 42]. The routine use of periopera-
tive antibiotics is employed to decrease the likelihood
of infection.

Catheter complications are the most frequently noted.
The reported rate varies up to about 25%. These pro-
blems can include breakage, obstruction, disconnection
of two piece catheters, and migration out of the intra-
thecal space. The catheter tip can become subdural or
the entire catheter can migrate out of the intrathecal
space and curl up behind the pump in the pocket that
was created. Catheter problems can result in a variety of
symptoms including periodic over and under delivery of
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baclofen, acute withdrawal, or non-responsiveness to
dose increases [0, 13, 22, 40, 47].

Since the most frequent diagnosis that ITB is used for
in the pediatric population is cerebral palsy, its associa-
tion with other conditions can affect the complications
that are seen after pump implantation. For example,
hydrocephalus is commonly seen in association with ce-
rebral palsy. If a child has a ““‘compensated’ hydroceph-
alus at the time of pump implantation, they could be
at risk for the development of a cerebrospinal fluid leak.
This could be manifest as swelling by the back incision
site or the pump site in addition to the other signs and
symptoms of cerebrospinal fluid leak. Often the swelling
will vary with position and be more prominent when the
child is upright. This is logical in view of the increased
hydrostatic pressure exerted on the area of catheter pene-
tration of the dura when in an upright position. Addi-
tionally, children may stress the hardware in ways that
adults are not likely to. Their greater range of back mo-
bility might cause the catheter to be caught in between
bony elements.

Pediatric experience with ITB at Gillette
Children’s Specialty Healthcare

Gillette Children’s Specialty Healthcare has been us-
ing baclofen for the treatment of spasticity since 1993.
The majority of those who are receiving this treatment
are children with cerebral palsy. Those treated also in-
clude a number of adults with congenital or childhood
onset disability. Other diagnoses include spinal cord in-
jury, acquired brain injury, neurodegenerative disorder
and spina bifida.

We have found that ITB is very effective. Of more
than 400 ITB trials by lumbar puncture, only a very small
number of those have not shown a significant decrease of
spasticity. Of that small number, all who have returned
for higher doses have had a positive response. We no
longer require a trial of ITB prior to pump implantation
in all cases. If there is a concern about the individual
making use of his/her tone for function we are likely to
do a trial infusion.

We have also found that failure to respond to oral
baclofen is not predictive of whether or not I'TB will be
effective for the patient. Also, if the individual is on oral
baclofen and still has high enough tone to consider ITB,
it is not necessary to taper them off of the oral baclofen
prior to a trial.

Dose has not been related to age or weight. We have
also found that it generally takes a period of weeks to
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months to reach a stable dose, but once that dose has
been reached little change is needed unless a problem
with drug delivery has developed. Often, those with neu-
rodegenerative disorders appear to require lower doses
than those individuals with other causes of spasticity.

Our experience has been similar to those who have
made reports in the literature. The most frequently noted
type of complication has been catheter related. Over
time, as surgeons increase their experience with the pro-
cedure and hardware and as the catheters have improved,
we have seen a decrease in the frequency of catheter
complications.

It is interesting to note that although ITB withdrawal
can be a serious problem, it is not seen universally.
Sometimes a catheter fracture will be noted as an inci-
dental finding when X-rays are obtained for another
reason. It is not possible to predict who will experience
ITB withdrawal.

There has been a suggestion that ITB might increase
the frequency and progression of scoliosis. This is diffi-
cult to evaluate, since those who receive ITB pumps are
at high risk to develop scoliosis. There have not been
prospective studies evaluating this and the 3 retrospec-
tive reviews have had different results and conclusions.

Satisfaction with this treatment has been high. The
majority of those who have received pump implants at
our institution function at Gross Motor Function Classi-
fication System Levels IV or V. Therefore, the pumps
have generally been implanted to improve comfort or
make the provision of care easier. Even when there have
been complications, those with pumps usually request
reimplantation or correction of catheter problems due
to the benefits that they note when the ITB is being de-
livered. Some functional improvements have been noted
with the use of ITB as well.

Pump problems and solutions

Baclofen systems, although well engineered, do at
times fail. The failure to deliver Baclofen intrathecally
to a patient who has been receiving baclofen in this
manner exposes the patient to the possibility of baclofen
withdrawal syndrome [16]. Baclofen withdrawal syn-
drome may lead to death and consists of the following
symptoms: Spasticity, increased muscle rigidity, rhabdo-
myolysis, hyperthermia, hypertension, tachycardia, al-
tered mental status, coma and/or seizures. This may
mimic syndromes with similar presentations such as
neuroleptic malignant syndrome and malignant hyper-
thermia and sepsis. It has been described that pruritis
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may be a prodrome symptom to withdrawal with reason-
able reliability except in patients with MS.

Because of the possibility of death, the clinician must
be able to evaluate the pump/catheter system in a timely
and efficient manner so that the delivery of the intrathe-
cal baclofen can be reinstituted at the earliest possible
moment. The delivery of baclofen intraspinally has been
demonstrated to be the most reliable way to reverse
the baclofen withdrawal syndrome and prevent death.
Cyproheptadine, an H; antagonist as well as a 5-HT;
receptor antagonist has recently been demonstrated to
attenuate acute intrathecal baclofen withdrawal [39].

The patients in one small series responded to Cypro-
hiptadine with a decrease in fever (a drop by at least
1.5°C.), heart rate from 120 to 140 to less than 100 bpm,
associated with a decrease in spasticity, tone/myoclonus
and itching. Symptom reduction was more pronounced
with Cyproheptadine than oral dosing of either baclofen
or benzodiazepines [16].

Certainly benzodiazepines, other sedative-hypnotics,
antiadrenergic substances and even dantrolene sodium
may still be helpful in modulating the symptoms of baclo-
fen withdrawal, although not completely preventative.

Baclofen pump/catheter system failure can occur as a
result of either failure of the pump or the catheter. Ten to
forty percent of all implanted pumps involve system
failure. In 70-90% of the cases of system malfunction
the cause was catheter problems. Catheter complications
include: Disconnect, kinks, obstructions, fractures, mi-
gration (either subcutaneous or subdural), granuloma
formation or cerebral spinal fluid leak.

Uncommonly it is the pump, especially for those pa-
tients who are in well established baclofen pump pro-
grams. Pump problems include: Pump reservoir overfill,
reservoir “‘old” baclofen, low residual volume or emp-
ty, internal catheter disconnection, exhausted battery/
electronic failure [22, 48].

When a patient presents with increased spasticity,
whether acute or not, the clinician must also consider
other causes such as drug tolerance, disease progression,
other co-morbidities such as urinary tract infection,
small bowel obstruction, pneumonia, meningitis, nephro-
lithiasis, and others which increase nociceptive input and
thereby increase excitation and spasticity [8, 9].

Initial evaluation involves interrogation of the sys-
tem to assess correct programming. Certainly there have
been instances of programming errors causing over/
under dosing of baclofen. At the same time reservoir
volume and battery life can be checked as well as when
the last refill occurred which may indicate how ‘“‘old”
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the baclofen solution is. In our experience, some patients
with spasticity due to spinal cord injury have experi-
enced a decrease in baclofen effectiveness when their
baclofen solution is older than 60 days. It is also possible
that the concentration of drug may be in error resulting
in decrease baclofen dosing.

At the discretion of the clinician, if the reservoir vol-
ume is adequate (>4 ml), the reservoir may or may not
be refilled with a “new” baclofen solution. Once the
pump has been refilled, the pump is programmed to de-
liver a bolus dose of baclofen, (50 pg) to recheck the
patient’s responsiveness to baclofen. If the patient re-
sponds to the bolus as expected with a measurable
decrease in spasticity, the system is assumed to be intact
and the necessary adjustments in dose and/or mode of
delivery are made at that time. The bolus dose usually
peaks in three to four hours at which time other modes
of system evaluation can be carried out.

Plain X-ray or fluoroscopy can be used to assess the
pump and catheter. The pump motor can be programmed
to conduct a 90° turn under fluoroscopy or serial plain
x-ray before and after the reprogramming. At the same
time, a survey of the catheter can be carried out to reveal
disconnects, kinks, gross fractures or catheter migration.
Our experience, as well as others in published reports,
reveals these problems can occur despite an intact sys-
tem appearance on plain X-ray/fluoroscopy.

Following clearance of the bolus dose the side port can
be accessed, the catheter aspirated for cerebral spinal
fluid. If cerebrospinal fluid is obtained, a radio-opaque
contrast can be injected to look for catheter leaks or sub-
dural extravasation at the catheter tip. Granuloma for-
mation can also be detected with pooling of the X-ray
contrast in a characteristic pattern around the catheter tip.

Other tests which might be helpful include radio iso-
topic evaluation with either Tc 99 m — DTPA or Indium-
111 DTPA. This can reveal obstruction or fracture of the
catheter [34, 41]. Alternatively, lumbar puncture can be
carried out under fluoroscopy and cerebral spinal fluid
samples can be withdrawn and sent to the lab to test for
baclofen levels. At the same time, the lumbar puncture
can be utilized to administer a test dose of baclofen
should the programmed bolus via the pump/catheter
system fail to produce a response.

The most common cause of failure to deliver intrathe-
cal baclofen is still catheter failure. The improvement
and re-introduction of the two piece catheter has de-
creased this number but failure still occurs. Despite a
number of different ways to evaluate the system, cathe-
ter malfunctions are still a problematic diagnosis.
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Ultimately, a high index of suspicion needs to be
maintained in the presence of systems of increased spas-
ticity and/a baclofen withdrawal. Even when the above
evaluations are negative for system failure, empirical
surgical replacement of the catheter usually solves the
problem [11, 18].

Miscellaneous complications of cerebrospinal fluid
leak are usually effectively treated with epidural blood
patch performed under fluoroscopy [27, 45]. This is a
complication which is detected in the perioperative per-
iod secondary to patient complaint of postural headache,
nausea and vomiting.

System infections and/or meningitis were previously
treated by pump/catheter explantation followed by a
course of IV antibiotics [1]. Recent reports advocate
leaving the system in place and placing antibiotic beads
in the pump pocket and combining vancomycin with the
baclofen for intrathecal administration [12, 53].

Vigilance is required in caring for patients with
pump/catheter systems delivering intrathecal baclofen
for spasticity control.

Future uses of baclofen pump therapy

Other medications besides baclofen can be delivered
via the intrathecal method (such as clonidine and narco-
tics) and more medications are being evaluated. Some
centers advocate a mixture of ITB with other medications
for optimum pain and spasm relief; however, there are no
significant studies for safety and efficacy of this practice.

Placement of the catheter tip for intrathecal baclofen
is usually at the lumbar/thoracic levels. This is due to the
possible side effects (respiratory distress and lethargy)
from greater concentrations of baclofen when the tip is
placed at the higher (cervical) level. However, a number
of studies have shown that higher catheter tip placement
has been both safe and effective for the treatment of
patients with spasticity and dystonia [14, 17, 31].

Measurements of the drug concentration in the cervi-
cal region with different cervical catheter placements
may help determine if a catheter tip at the C1-C3 level
delivers a significantly greater drug concentration (at a
lower total dose) as compared with the C5-C6 or C8-T1
level [19].
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Summary

Spasticity has been described as ““a motor disorder, characterized by a
velocity-dependent increase in tonic stretch reflexes (muscle tone) with
exaggerated tendon jerks, resulting from hyper-excitability of the stretch
reflex as one component of the upper motor neuron syndrome”. In
patients with complete spinal cord lesions, severe untreatable spasticity
can make movement, sitting and hygiene difficult or impossible while it
may alter gait and personal care in patients with partial lesions. From a
clinical point of view, it is useful to distinguish spinal cord spasticity
from supraspinal spasticity. Traditionally, the Ashworth scale is the most
widely used to quantify the tone of single muscles. In order to quantify
hypereflexia, the Reflex Scale is also used. In the spinal spasticity which
is characterized by spasms, the Spasm Frequency Scale is useful in order
to monitor their frequency. Initially, management of spasticity is based
on non-invasive treatments that later become more invasive. The first
approach, the conservative treatment, usually includes elimination of the
nociceptive stimuli, rehabilitative therapy (physical and occupational),
orthopaedic prostheses and plaster corsets. These treatments, do not
resolve spasticity in about 33% of cases. In these severe cases, more
invasive procedures such as muscle infiltrations with botulin toxin and
intrathecal baclofen infusion can be used.

Keywords: Spasticity; baclofen; intrathecal.

Spasticity

Spasticity has been described as “‘a motor disorder,
characterized by a velocity-dependent increase in tonic
stretch reflexes (muscle tone) with exaggerated tendon
jerks, resulting from hyper-excitability of the stretch
reflex as one component of the upper motor neuron syn-
drome” [11]. Clinically, spasticity is characterized by
hypertonus, hyperactive reflexes upon muscular exten-
sion and abnormal spinal reflexes (synkinesia, clonus,
Babinski sign). In some cases, it is possible to observe
clonus and muscular spasms [7]. In patients with com-
plete spinal cord lesions, severe untreatable spasticity
can make movement, sitting and hygiene difficult or im-
possible while it may alter gait and personal care in pa-
tients with partial lesions [1]. It may be the cause of

pain, contractures, fractures, bed sores, limited indepen-
dence of functionality and deteriorated quality of life.

From a clinical point of view, it is useful to distinguish
spinal cord spasticity from supraspinal spasticity. Spinal
cord spasticity includes loss of the supraspinal inhibi-
tion, loss of segmental inhibitory neurons, and sprouting
of collateral fibres and alteration of muscle fibres. When
spasm frequency and intensity increase (painful due to
synkinesia and subclonic reflexes), there is a marked
Babinski sign and a higher frequency of hypereflective
bladder. It is associated with multiple sclerosis, trau-
matic lesions, or other pathologies of spinal cord like
familiar spastic paraparesis, medullary tumors, cervical
spondolytic myopathy, transverse myelitis, lateral amyo-
trophic sclerosis, neurofibromatosis and lupus myelitis
[1, 2]. Supraspinal spasticity usually appears when the
segmental control of the spinal cord has been lost [11, 7]
due to a lack of descendent impulses that normally stim-
ulate release of inhibitory neurotransmitter ~y-amino-
butyric acid (GABA), which acts at the presynaptic level
inhibiting the release of excitatory neurotransmitters [1].
Clinically, with respect to spinal spasticity, hypertonia
prevails on the hyperreflexia and clonus, synkinesia and
pathological reflexes. This type of spasticity occurs in
cerebral palsy (lesion acquired before or during birth or
within the first five years of life, often with athetosis,
chorea, dystonia and ataxia [8, 9] and in traumatic, vas-
cular, tumoral, and infective cerebral lesions.

Spasticity assessment scales

Traditionally, the Ashworth Scale is the most widely
used to quantify the tone of single muscles: 1=no
increase in muscle tone; 2 = slight increase in tone giv-
ing a ““catch” when affected part is moved in flexion or
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extension; 3 = more marked increase in tone but affected
part is easily flexed; 4 = considerable increase in tone;
passive movement difficult; 5 = affected part is rigid in
flexion or extension. When assessing a patient, the scale
should be administered by two different people so as to
compare the two results. In order to quantify hypereflexia,
the Reflex Scale is used as it can be applied to every
single reflex: 1=absent; 2=weak; 3 =normal; 4=
lively; 5 = excited; 6 = subclonic. In the spinal spasticity
characterized by spasms in order to monitor frequency,
the Spasm Frequency Scale is usefull: 0 =no spasm; 1 =
stimulation induced spasms; 2 =Iless than 1 spasm an
hour; 3 =more than 1 spasm an hour; 4 =more than 10
spasms per hour. These three assessment scales measure
segmental not functional spasticity. The results of these
scales however do not tell us what the patient truly does
during the day. In a modern rehabilitative approach, how-
ever, it is important to use scales that measure spasticity
as a disability in order to assess improvement in quality of
life. Scales such as the Expanded Disability Status Scale
(EDSS - for multiple sclerosis patients), Functional Inde-
pendence Measurement (FIM) and Barthel Index (BI) can
be used. An experimental attempt for measuring spastic-
ity objectively using bioengineering in movement analy-
sis (personal data) or the “soleus stretch reflex”” has been
made [14].

Spasticity treatement

The first approach to spasticity is usually a conserva-
tive treatment, like elimination of the nociceptive stimuli,
rehabilitative therapy (physical and occupational), ortho-
paedic prostheses and plaster corsets. The patient can
also be treated with oral antispastic drugs like baclofen
(25-125mg/die), oral tizanidine (4-12mg/die), gaba-
pentin (300-1800 mg/die). Diazepam (10-20mg/die)
can be used intramuscularly. Dantrolene is no longer
used [24]. Notably, a positive effect is described with
cannabinoids [23]. These treatments, in about 33% of
cases, do not adequately resolve spasticity. More inva-
sive procedures such as muscle infiltrations of botulin
toxin, intrathecal baclofen infusion, and muscular infil-
trations of phenol are needed [8, 2]; doubtful is the use
of intrathecal phenol [10]. Presently, there is a tendency
towards invasive therapies; i.e. orthopaedic and musculo-
skeletic surgical procedures that permit to lengthen ten-
dons and muscles, or neurosurgical selective posterior
rhizotomy to reduce tension, pain and spasticity [4].

Severe untreated spasticity does not only influence the
patients but all those who assist them, thus increasing
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the medical assistance and socio-economic costs. These
patients suffer pain and severe limitations in mobility and
function with consequent reduction of social and work
activities. This leads to poor quality of life [5] and in
some cases depression. The health team often faces
major difficulty in offering assistance; external urinary
catheterization is one common troubling problem. Total
health costs for medical assistance increase due to treat-
ment of complications related to spasticity, such as frac-
tures, dislocations, and bed sores.

Pharmacokinetics of oral versus inthrathecal
baclofen

Baclofen, is the major drug used in spasticity. It is
a y-aminobutyric acid (GABA) agonist, inhibitor. The
drug acts specifically on the GABA-B receptors [2]. At
the level of the spinal cord, it inhibits the absorption of
calcium that prevents the release of excitatory neuro-
transmitters which play an important role in spasticity.
Physiological studies indicate that baclofen acts at the
presynaptic level, where it reduces the excitability of
motor neurons inhibiting the release of excitatory neuro-
transmitters. If present at higher levels in the cerebro-
spinal fluid (CSF), it can also act at the postsynaptic level
antagonizing the activity of the excitatory neurotransmit-
ters. It is characterized by poor liposolubility and does not
cross efficiently the blood brain barrier. Consequently,
even at high doses, oral baclofen reaches relatively low
levels in the CSF, inhibiting spasticity in a very limited
way. At the same time, the high blood levels due to oral
administration can induce unpleasant side effects in the
central nervous system such as sedation, sleepiness, ataxia,
and respiratory and cardiovascular depression.

On the contrary, baclofen administered directly in
the intrathecal space, can guarantee a safe and efficient
treatment, able to reduce spastic hypertonia and spasms,
because it acts directly on the GABA-B receptors of the
spinal cord, while the side effects associated with the
high doses of oral baclofen are minimized. Patients trea-
ted with 400 pg/die of intrathecal baclofen, have mark-
edly higher levels of the drug than patients treated with
100 mg of the same drug (380 ng/ml vs. <12-95 ng/ml)
[12]. Moreover, the blood levels of intrathecal baclofen
remain very low (<5 ng/ml). Schematically, we can state
that with respect to oral administration, intrathecal ad-
ministration induces levels at least four times superior
in the CSF with 1/100 of the systemic dose. Blood
levels as well are 1/100 with respect to those observed
in oral baclofen. The pharmacological concentration of
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baclofen in the CSF compared to this in the blood is
very high. In fact intrathecal administration concentrates
baclofen in specific receptorial sites of the spinal cord.
This warrants efficacy and limited side effects in the
central nervous system.

History of intrathecal baclofen therapy
in the control of spinal and supraspinal spasticity

Intrathecal baclofen was used for the first time on
guinea pigs in 1978 by Wilson [25], who observed a de-
crease in nociceptive reflexes. The efficacy of intrathecal
baclofen in man for the control of spinal cord spasticity
was described for the first time by Penn ef al. in 1984
who administered baclofen in the lumbar subarachnoid
space as a single intrathecal injection and reported a
transitory reduction of spinal cord spasticity. In 1985,
Penn et al. reported a decrease in spasticity after con-
tinuous intrathecal infusion of baclofen [18] and in 1989
they demonstrated the positive results of a double blind
study on the effect of intrathecal baclofen (ITB) therapy
in 20 adults with spasticity due to multiple sclerosis or
spinal cord lesion [17]. The latter study demonstrated
a decrease in Ashworth scale scores in the lower limbs
from 4.0 to 1.2 after treatment, with a concomitant at-
tenuation of muscular spasms from 3.3 to 0.4. These and
other studies demonstrated that ITB gives a relatively
safe control of spasticity. Many patients described that
the reduced spasticity permitted them to have a major
“perception of their body”’, while an excessive reduction
resulted in “weakness”.

Ochs, from Monaco, strenghtened Penn’s case by car-
rying out a multicentered study on the long term treat-
ment of spinal spasticity by ITB [15], and the Austrian
school of Innsbruck demonstrated treatment efficacy
even in supraspinal spasticity (brain trauma) [20-22].
In 1989, after a 5 year experiment, a programmable ITB
pump was produced in the United States. In June 1996,
after several years of monitoring in several European
centres, (including our group, which since 1990 collab-
orates with Innsbruck), ITB therapy was approved by the
Food and Drug Administration (FDA).

Patient selection

Selection and screening of patients is a fundamental
procedure before beginning intrathecal baclofen ther-
apy (Table 1). In order to understand the complex rela-
tionships between spasticity and daily functions the
patients undergo multidisciplinary assessements from
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Table 1. Inclusion criteria for an intrathecal baclofen in spasticity at
the IRCCS Centro Neurolesi, Italy

1. No hypersensitivity or allergy to baclofen

2. No age limits, but above 65 years of age, rehabilitative advantage
and risks should be very precisely assessed

3. Diagnosis confirmed

4. Spasticity chronic and severe (Ashworth scale average >3.5;
duration >12 months)

5. Spasticity refractory to orally administered drugs or patients have
had undesirable side effects with the orally prescribed dosage

6. Normal cerebrospinal fluid flow

7. The patients should have no programmable medical devices such
as pacemakers

8. Fertile women should take contraceptives because a pump would
make pregnancy very risky

9. No severe pathologies such as cardiac, respiratory, renal
and hepatic diseases

10. Caregiver has a clear idea of the immediate rehabilitative goals
(1 year), median (5 years) and long term (over 5 years)

11. Patient signs an informed consent that therapy is symptomatic
and not curative

12. The response to an intrathecal bolus test of baclofen is positive

a neurologist, physiotherapist, neurosurgeon, psychol-
ogist, anaesthetist and if necessary from a orthopae-
dic surgeon. A social assistant is usually present during
these assessments.

Rehabilitative goals

The rehabilitative team should check if reduced spas-
ticity improves functionality or makes the patient’s care
assistance easier. The patient, family and caregivers
should therefore be consulted with regard to the true func-
tional goals, nursing and assistance. In patients who ex-
pect functional improvement, the goals should include a
good level of independence and reduction of pain. The
goals of other patients can instead be comfort, easier
assistance, and posture maintenance, adequate perineal
hygiene, which is often extremely difficult in cases of
severe adductor hypertonia of the hips, and the preven-
tion of further contractures, tendineous retraction and
bed sores.

Screening test

Patients undergoing screening should interrupt all
drugs that depress muscle tone (baclofen, etc) 48 hours
before the test. When possible, it is preferable to in-
terrupt all drugs that can potentially depress the cen-
tral nervous system. Oral baclofen should be withdrawn
gradually in order to avoid any possible, even rare, ap-
pearance of hallucinations (case history from personal
records). In patients with prevalent spinal cord spasticity,



176

a 25 pg intrathecal bolus, is injected through a lumbar
puncture. Baclofen solutions of 50 ug/ml are used. Car-
diac and respiratory function as well as blood pressure,
and level of alertness are monitored. If response is
positive, we begin to observe a significant reduction in
Ashworth scale scores, without side effects 2—4 hours
after bolus administration. The maximum response is
registered, in our experience, after 4—8 hours and grad-
ually disappears after 12—16 hours. When absence of
side effects is observed without a significant reduction
in Ashworth Scale scores, we repeat every 24 hours a
boluses of 50-75-100 pg. Larger boluses are not usually
administered in patients with spinal cord spasticity. In
patients with severe supraspinal spasticity the initial
bolus is increased from 50—100 pg gradually to 200 pg.

Implantation

Patients should have no bed sores or other infections
at the sites involved in pump implantation. Site of pump
implantation is assessed and decided before surgery ac-
cording to the condition and physical characteristics of
the patient. The procedure is usually carried out under
local anaesthesia. The patient is placed in the lateral
decubitus position. In case of marked supraspinal
spasticity, general anaesthesia is used. This becomes nec-
essary in particular clinical conditions that force the
patients in hyperextension of the trunk making insertion
of the lumbar needle difficult.

A small median cutaneous incision is carried out at
the level of the L3—4 space. A Tuohy needle is inserted
between the two vertebrae and a thin walled spinal cathe-
ter with a closed tip and six lateral holes is pushed
through up to the T10-12. Positioning is checked using
a brilliance intensifier. The lumbar incision is then length-
ened by a few centimetres in order to allow the connection
and anchorage of the catheters. A semi-circular incision is
then carried out in the epigastric area. A thick walled
abdominal catheter is connected to the spinal one through
a tunnel. After making sure that CSF is flowing, the
catheter is connected to the pump which is then inserted
in a subcutaneous pocket in the epigastric area and fixed
with stitches to the underlying muscular fascia.

The last generation device for intrathecal infusion
is composed of a peristaltic titanium pump (87.5 mm
by 19.5 mm, weighting 165 gr). The pump has a special
fixing device to avoid dislocation or bending. It is pow-
ered by a lithium battery with a life expectancy of about
7 years (the larger the dosage, the more the pump works,
the faster the battery gets depleted). At the end of this
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period, the pump is substituted under local anaesthesia
using the same catheter. The catheter and the mechan-
isms inside the pump are radiopaque, while covering is
radiolucent. This allows a first level radiological check
in case of malfunction. The second level check is the
injection of radiopaque contrast through the side port
of the pump for diagnostic reasons. The third level is
visualization of the rotation of the pump motor after
an appropriate bolus administration in cases of suspect
mechanical malfunction. When carrying out an MRI,
the reservoir is emptied of baclofen and the pump is
turned off in order to avoid accidental bolus. The pump
is reactivated at the end of the MRI session. During the
implantation or pump change, antibiotic and analgesic
therapy as well as prophylactic low molecular weight
heparin therapy are prescribed in order to minimize
the risk of infection, venous thrombosis and pulmonary
embolism.

Dose adjustment

Post-implantation, infusion depends on the dose that
was efficient during the screening test. Maximum effect
is obtained in the first 60 days after implantation. The
dose is never increased in the first 24 hours after the
procedure to make sure that there is no interference with
the non-eliminated anaesthetic drug. From the 2nd day
on, the dose is increased daily by 10-30% (in children by
5-15%), until the optimal dosage and effect are reached.
The pump automatically calculates the baclofen dose to
administer, when activated by the system, to fill the con-
nection catheter. The criteria for the adjustment of dos-
age are: efficient suppression of ‘“‘reflexes” (tendinous
reflexes, muscular clonus, spasms, cramps and Babinski
sign) and the decrease in muscle tone. The response to
the various dose corrections is usually observed after 4—6
hours. In the presence of spastic alterations, it is advisable
to investigate whether they are caused by pathological
evolution or by drug-pump-catheter dysfunction.

Patients with progressive multiple sclerosis sometimes
have modifications of spasticity during the day. If this
happens on a somewhat regular basis, it is possible to
“personalize” the infusion via the software furnished
with the pump. The programs include continuous (the
most frequently used), continuous-complex (a continu-
ous dose bolus with boluses are programmed at fixed
hours), single bolus, and periodic bolus. In brain-injured
patients with reactivation of the nervous circuits, spasti-
city sometimes improves to the point that the therapy
with ITB is no longer needed. In these cases the pump is
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removed. Other conditions that may potentially need dose
adjustment include tolerance to the drug, obstacles of
flow or diffusion, such as fibrosis, possible latent mani-
festations of the pathology and the development of a
concomitant disease.

The drug concentration initially used is 500 pg/ml and
reaches a dose of 100 pg/die. Theoritically, it is possible
to raise the dose to a concentration of 2000 pg/ml. How-
ever, we hope that the concentration adjustment comes
about gradually. This happens because of the persistence
of the precedent concentration in the catheter; until this
is completely substituted by the new drug concentration,
there is a transitory increase of spasticity in the patient.
The new pumps allow to calculate an adequate bolus
on the basis of variation of concentration. Moreover, for
stability reasons of baclofen within the pump, the refills
should be carried out maximum every 6 months; for this
reason it is useless and costly to go to a concentration of
2000 pg/ml with the theoretic possibility to have the
next refill after 12 months. Overall, the dose efficacy of
ITB in spinal spasticity is half the one necessary in supra-
spinal spasticity. In spinal spasticity, the median dose in
various studies varies from 298 pg/die to 900 pug/die. In
our experience, in patients affected by multiple sclerosis,
the median dose is 435 png/die 2 months after implanta-
tion, higher than in spinal trauma or in Stumpell-Lorrain
disease (285 pg/die), but lower than in brain trauma
(612 pg/die). This, indirectly, confirms that spasticity in
patients with multiple sclerosis is predominantly but not
exclusively spinal.

Refilling

At the time of pump implantation, the patient’s clin-
ical data are entered with the use of a palm computer.
The special software also shows the date of drug exhaus-
tion and turns on an acoustic alarm for battery exhaus-
tion. Furthermore, the pump has a “side port” used for
diagnosis and for the administration of a second drug
directly into the catheter bypassing the reservoir. The
20 ml reservoir has an external central access which rep-
resents the principal and most commonly used pathway.
This hole is covered by a special silicone gum that al-
lows a needle to go through 500 times without leakage
or risk of contamination of pump contents. The “refill-
ing” is carried out through a special kit composed of a
special needle, a filter, a guide to the central hole, and a
nipper to stop the air from entering the pump.

Before refilling the pump, the residual amount of
baclofen must first be extracted. A printing system per-
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mits to check and file the paper copy as well as furnish
the patient with an instant report.

Effects of intrathecal baclofen

The percentage of efficacy reported in the literature is
superior to 30%. Clinically, it is possible to distinguish 3
categories of patients and their response to intrathecal
baclofen:

1) patients with spastic paraparesis partially able to walk
or able to stand, who complain of muscular spasm,
pain and/or exaggerated muscular tone that interferes
with movement;

2) patients with spastic paraplegia who complain of in-
validating muscular spasms, pain or extremely exag-
gerated muscle tone; these patients are not able to use
a wheel chair and have a limited quality of life.

3) para- or tetraplegic patients in an advanced chronic
state of disease.

The patients of categories 1 and 2 experience the
major functional benefits from ITB therapy, reaching a
better level of mobility and independence. A significant
improvement can also be the use of a wheelchair. Many
patients succeed in doing professional and social ac-
tivities after ITB. In the first category, it is more difficult
to adjust drug dosage. Finding the right balance for
walking or standing and decreased spasticity is more
time-consuming. Even proposing ITB is difficult in this
category of patients because during disease evolution the
patient will have to choose whether to walk with spasms
and reduce or block pump infusion or whether to main-
tain ITB and sit in a wheel chair. It is important to be
clear when addressing the patient, family, and care-
givers. In our experience a patient-physician relationship
based on trust and knowledge is very important, because
the final decision is taken by the neurologist who is in
charge and manages his caregivers.

Penn [18] showed a decrease in Ashworth scale scores
from 3.8 & 0.7 before treatment to 1.6 4= 0.8 after treat-
ment (p<0.001). ITB also reduced both intensity and
frequency of the spasms from 2.8 +£0.7 to 1.0 £ 0.7. In
our experience, in a group of 13 patients affected by
progressive multiple sclerosis, we observed a decrease
in Ashworth Scale scores from 3.5+0.7 to 1.4+0.6
(p<0.001), in the Reflex Scale from 5.4 +0.8 to
3.5+ 0.5 (p<0.001) and in the Spasm Frequency Scale
(SFS) from 2.8 £ 0.4 to 0.5+ 0.2 (»p<0.001) (2 months
after pump implantation). The overall variations that are
not closely tied to the “‘segmentary’ decrease of spasti-
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city, were assessed with the Barthel Index, the FIM and
the EDSS. The average Barthel Index increased signifi-
cantly from 28.8 to 51.2 (p <0.001). Close examination
of various items, shows a significant increase in FIM (36
to 60) (p <0.001). ITB efficacy in EDSS (from 5,8 to 5.1
with p<0.01) does not adequately assess bladder func-
tion when quantifying disability. Moreover, 90% of the
patients suffering of “pressing incontinence’’ no longer
had problems. Dose adjustment can be troublesome be-
cause drug increases may induce urinary incontinence
before there is an acceptable decrease in spasticity. Inter-
estingly, the improvement of detrusorial hypereflexia, in
patients with spasticity of supraspinal origin such as pa-
tients with brain trauma [20], suggests an action on the

Table 2. IRCCS Centro Neurolesi spasticity patients treated by ITB

Nr. Patients Age Sex Diagnosis
1 AG 70 m syringomielia
2 MS 60 m spinal cord injury
3 FA 42 f myelitis
4 RA 64 m Strumpell-lorrain desease
5 CN 7 f cerebral palsy
6 FR 32 m spinal cord injury
7 TC 49 f Strumpell-lorrain desease
8 SC 57 m spinal cord injury
9 LS 26 m head trauma
10 FS 17 m cerebral palsy
11 PL 32 f head trauma
12 NM 63 m multiple sclerosis
13 SL 11 m cerebral palsy
14 PG 26 m spinal cord injury
15 AF 63 m multiple sclerosis
16 AM 42 m myelitis
17 DM 14 f cerebral palsy
18 SD 19 m cerebral palsy
19 DA 53 f multiple sclerosis
20 DC 38 f multiple sclerosis
21 GA 44 m cervical canal stenosis
22 TG 45 m multiple sclerosis
23 UA 16 m cerebral palsy
24 FD 46 m spinal cord injury
25 LD 77 m cervical canal stenosis
26 BS 36 m spinal cord injury
27 AP 69 m spinal cord injury
28 RA 63 m Strumpell-lorrain desease
29 MS 39 m spinal cord injury
30 ZF 52 f cervical canal stenosis
31 MB 56 m multiple sclerosis
32 AT 32 f cervical canal stenosis
33 AE 65 m cervical canal stenosis
34 CL 49 m spinal cord injury
35 DM 26 m spinal cord injury
35 GE 10 m cerebral palsy
36 MA 35 f head trauma
37 PC 66 f multiple sclerosis
38 RE 65 f multiple sclerosis
39 RF 36 f head trauma
40 SF 27 m head trauma
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micturition pontine centre. Treated patients who under-
went urodynamics often show an increased bladder ca-
pacity, a reduced residual volume, and a small number
of pelvic spasms, decrease or disappearance of pain and
spasms improved duration and quality of sleep. In agree-
ment with most scientific publications, we observed an
improvement of scale scores for quality of life of these
patients.

In our experience, at a five year follow-up, no real
tolerance can be shown; however after a few years of
continuous infusion most patients respond better to peri-
odic bolus infusion or continuous complex infusion. In
progressive multiple sclerosis we observed an increase
in the average Ashworth Scale score (1.4 at one year
from implantation, to 3.0 at 5 years from implantation).
Dosage increase only partly succeeds in filling the gap
(2.2). One year after implantation, the average dose of
intrathecal baclofen is 435 g/die and at 5 years 620 g/
die [3, 19].

Noteworthy are the findings in the other two cate-
gories of patients: a) in spinal trauma, ITB dose is sub-
stantially stable being 1.4 with 300 g/die at one year
from implantation and in 1.6 with 340 g/die at 5 years
from implantation, and b) in brain trauma, the dose is
reduced (1.8 with 610g/die at 5 years from implanta-
tion) and pump removal is possible in a few cases for
functional recovery (Table 2).

Side effects and complications

Complications and side effects are sufficiently de-
scribed in scientific articles (Table 3). In 1995 a new
thick walled catheter was introduced; this reduced dras-
tically (<1%) all the complications related to the cathe-
ter. Adverse effects are rare during continuous treatment,

Table 3. Complications of ITB for spasticity (according to Coffey et al.
(1993) J Neurosurg 78: 226-232)

— Mechanical dysfunction of the pump: 1%
— Cutaneous erosion on the pump pocket: 1%
— Infection of the pump pocket: 1%

— Twisting of the catheter: 7%

— Dislocation of the catheter: 8%

— Disconnection of the catheter: 6%

— Occlusion of the catheter: 1%

— Respiratory depression: 1%

— Hypotension: 1%

— Epileptic seizures due to baclofen: 1%

— Temporary tiredness: 1%

— Depressed humor: 2%

— Vertigo: 1%

— Meningitis after pump refill: 1%

— Overdose (with coma): 1%
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but could include sleepiness, instability, constipation, and
muscular hypotonia. Penn, in a retrospective study on 66
patients with spinal cord spasticity, treated for a period
of 7 years, realized that the only procedure necessary
was dosage reduction [17]. Overdose symptoms, even if
rare, were due to administration of non-appropriate bo-
lus, to variations of drug concentration or reprogramming
of the pump. Symptoms included weakness, areflexia,
hypotonia (with cranio-caudal progression), hypoten-
sion, respiratory depression, light-headedness, instabil-
ity, convulsions, sleepiness, and in some very rare cases,
death. A 2 mg dose of physostigmin is administered i.v.;
this is a drug capable of inverting respiratory depression
and sleepiness. Tolerance to intrathecal baclofen has
never been confirmed. Some authors however, have trea-
ted the “suspect” tolerance by interrupting baclofen for
a variable period from patient to patient (3—37 days) and
administering, intrathecal morphine or hydromorphine. In
all cases, the ITB treatment was continued with success
and in a few patients, at an inferior dosage with respect to
the one before withdrawal [7]. The abrupt withdrawal of it
can induce rebound spasticity, motor hyperactivity, head-
ache, sleepiness and/or disorientation, insomnia and/or
hallucinations, convulsions and fever. In our experience,
we had only one catheter dislocation.

Costs and final considerations

An immediate analysis of a therapy programme with
intrathecal baclofen, calculating average pump substitu-
tion and four refillings per year gives a average yearly
cost of about €4.000,00. In Italy, there are no adequate
multicentered studies on the real savings resulting from
an ITB program. Nance [13] calculated an annual saving
of $25.520 CND per patient, due principally, to reduced
hospital care. Ordia [16] observed an average reduction
of 2.7 days in hospital care for every patient treated with
ITB in the first year after implantation with a saving of
$6.750 USD per patient. The same author calculated that
screening costs and implantation were absorbed within
2.5 years. All this has led us to consider and evaluate an
ITB programme on a long-term prospective.

Nonetheless, in Italy, there is a greater diffusion of ITB
therapy. ITB should be managed, however, by highly
specialized personnel with a great experience on the
subject. Patient selection, dose adjustment, integration of
ITB in the rehabilitative programme, prevention of com-
plications, and pump-catheter problem solving are more
difficult than we think. We can state that in patients with
severe spasticity who no longer respond to conventional
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therapy, intrathecal baclofen can be a good treatment as
a part of their rehabilitative programme.
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Summary

Since 1986, more than 300 patients received an intrathecal baclofen
(ITB) pump for the treatment of severe spasticity. Chronic ITB admin-
istration is a safe and effective method, which significantly decreases
pathologically exaggerated muscle tone and improves the quality of
life in most patients. This therapy is indicated in severe spasticity of
cerebral or spinal origin that is unresponsive to oral antispastic med-
ications. It is also useful in patients who may experience intolerable
side effects when they receive orally effective baclofen doses. The
therapeutic dose required to treat spasticity of cerebral origin is about
three times higher than in spasticity of spinal origin. In carefully
selected patients who suffer from spasticity, pump implantation is a
cost-effective treatment which improves their quality of life. In our
series with a follow-up period of 10 years, the ITB dose remained
constant and no development of tolerance was observed in most pa-
tients. Destructive procedures such as myelotomy are no longer per-
formed in our department in order to treat spasticity.

Keywords: Neuromodulation; spasticity; baclofen; programmable
pumps; ITB.

Introduction

The term ‘‘spasticity’” describes a motor disorder
characterized by velocity dependent increases in ton-
ic stretch reflexes and hyperexcitability of the stretch
reflex. Spasticity represents a clinically important
component of the “upper motor neuron syndrome’.
The most frequently used scale to evaluate the de-
gree of spasticity is the Ashworth scale (see chapter
on spasticity of cerebral origin in children by Sgouros
(S)), which was described by Bohannon and Smith
in 1987 [3, 8]. In this scale, the increase in tone
and the resistance to passive movement is ranked
from “0” being no increase in tone, to “4” when
the affected parts are completely rigid in flexion or
extension.

In the last 100 years, a variety of invasive and de-
structive procedures including myelotomy have been
performed in order to treat spasticity when medical ther-
apy was no longer efficacious [37—-40]. In Germany, a
multicenter study concerning I'TB administration started
in 1974 [13, 16, 25, 26]. Baclofen acts as gamma-amino
butyric acid (GABADb) receptor agonist [7, 8, 11, 12, 20,
21, 31]. The mechanism of action is probably presyn-
aptic and involves inhibition of calcium release into
presynaptic terminals, thereby impeding the release of
excitatory neurotransmitters. Many clinical studies have
shown that baclofen is a potent inhibitor of spinal synap-
tic reflexes [1, 2, 4-6, 9, 15, 18, 19]. ITB reduces muscle
tone in patients with spasticity of spinal or cerebral ori-
gin [22-24, 27-36, 41]. The effects are maintained over
more than 10 years without the development of signifi-
cant drug tolerance [10, 17]. ITB administration may be
indicated in patients with spasticity grades 3—4 on the
modified Ashworth scale; this represents a considerable
increase in tone that makes movement very difficult.
Similarly to the intrathecal application of opioids, the
aim of ITB in intractable spasticity is to bring suffi-
ciently high concentrations of the drug in proximity
to the target organs, and simultaneously minimise the
administered dose and the associated side effects. The
oral and the intrathecal administration of baclofen have
an inverse distribution pattern (Fig. 1). With program-
mable pumps, constant baclofen levels can be obtained
in the CSF. In some patients, it is beneficial to program
circadian drug cycles with lower baclofen levels during
the day for physical therapy and mobilisation, and
higher baclofen levels during the night in order to mini-
mize spasm-related pain.
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plasma B CSF

350.0

262.5

175.0
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oral (60 mg/d) intrathecal (200 pg/d)

Fig. 1. Average plasma and CSF levels (mg and pg/d) after oral
(60 mg/d) or intrathecal (200 pg/d) baclofen application. This inverse
distribution pattern explains the relative low rate of systemic side
effects of chronic intrathecal baclofen administration

Results of intrathecal baclofen application

At the Department of Stereotaxy and Functional
Neurosurgery in Cologne University, ITB has become
a standard therapy for severe spasticity. Destructive pro-
cedures such as myelotomy are no longer performed in
our clinic. Since 1986, more than 300 patients were
implanted with a pump for ITB administration. In the
period 1986—1995, 252 patients were operated on and
their follow-up exceeds the 10 years (Table 1). Of these
patients, 63% suffered from spasticity of spinal origin
and 37% from spasticity of cerebral origin. The most
common diagnoses were multiple sclerosis (140 pa-
tients), posttraumatic damage (58 patients), and cerebral
ischemia or haemorrhage (46 patients). The contraindi-
cations to ITB therapy in our clinic included problems
such as uncontrolled seizures, anti-coagulation, infec-
tion, pregnancy, impaired renal function and autonomic
dysreflexia. Before programmable implantable pumps
such as Synchromed (Medtronic Inc., Minneapolis,
USA) became available, the therapeutic effect was test-
ed, after intrathecal catheter implantation, with a baclo-
fen bolus of 50-100pg; the titration was based on
clinical examinations and was performed via an external
pump. Only after a trial baclofen administration (usually

Table 1. Causes of spasticity in patients treated by ITB administration
at the Department of Stereotaxy and Functional Neurosurgery, Cologne
University (1986—1995)

Cause of spasticity Origin of spasticity

Spinal Cerebral

Multiple Sclerosis 140 -

Trauma 30 28
Degenerative 10 10
Ischemia 2 25
Tumor 6 3
Cerebral palsy - 11
Total (n=232) 155 77
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B baclofen dosage (ug/d)/patient number
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Fig. 2. Distribution of intrathecal baclofen dosage in 102 patiens with
severe spasticity (Ashworth scale score: 3—4)

for 7 days with the external pump) was successful, a
permanent pump was implanted. Fully programmable
implantable pumps are currently available; therefore,
implantation of the catheter and pump can also be per-
formed in one stage.

In all patients, a significant beneficial effect on spas-
ticity was observed. Responders were defined as those
who experienced an average reduction of 1.0 on the
Ashworth scale in the lower extremities. The reduction
of muscle tone was dependent on the daily dose. The
required average therapeutic dose was much higher in
cerebral spasticiy (860 pg) when compared to spinal
spasticity (280 pg). In 102 randomly selected patients,
we studied the distribution of baclofen dosage and we
found that there was a wide range of the required thera-
peutic dose from 50 to 1600 ng/d (Fig. 2).

We observed an increase of the dosage during the first
twelve months; this was dependent on the grade and
origin of spasticity. We call this phenomenon “adjust-
ment time”’, and we do not consider it a true tolerance.
True drug tolerance to ITB therapy is not common; in
fact, it is less than 1%. A ““drug holiday” and substitu-
tion of baclofen with intrathecal morphine (1 mg/d) pre-
vents the symptoms of withdrawal. Usually, baclofen
therapy can be started again at a lower dosage after a
baclofen-free interval of 5-28 days. The spasticity of
the lower extremities responded much better than that
of the upper extremities. In 232 patients, adjustment of
the baclofen dose was necessary during the follow-up
period, of 10 years. The number of refills was above
2000 altogether in these patients. There were no signs
of tolerance during the follow-up period. Acute dete-
rioration or resistance to therapy was due to technical
complications in most cases such as dislocation, dis-
connection or obstruction of the cathether. In general,
the rate of implant-related complications was 7% in
the long-term (>3 years) follow up. The implant-related
complications were: catheter dislocations (3), catheter
rupture (1), malfunctioning pump (1), and pump rotation
(1) in a very adipose patient (Fig. 3). Three patients
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hypotension
incontinence
somnolence

meningitis
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local infection/granuloma
pump torsion

catheter rupture

pump dysfunction

0 2 3 5 6

Fig. 3. Complications and side effects of long-term intrathecal
baclofen application in 232 patients with a follow-up longer than
10 years. Number of implantations performed: 232, Number of pump
refills: over 2000

Fig. 4. T1-weighted contrast enhanced MRI shows the formation of an
intraspinal granuloma at the level of the 7th thoracic vertebra, a rare
complication of chronic intrathecal baclofen administration

became somnolent temporarily due to drug overdose.
The pump had to be removed in one patient due to a
recurrent subcutaneous seroma. Meningitis occured in
only one patient. Another rare complication was the
formation of a granuloma at the catheter tip (Fig. 4).
Granuloma formation may be due to reaction to the
administered drugs or to the catheter tip. The thoracic
region seems to predispose to this rare complication be-
cause it has the narrowest intrathecal space and a slow
CSF flow. All these complications were rare particularly
when compared to those of spinal cord stimulation
(SCS) or shunt therapy for hydrocephalus. Due to the
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relatively specific spinal action of baclofen, systemic
side effects are also rare. Adverse effects include: hypo-
tonia, seizures, somnolence, nausea, vomiting, headache
and urinary retention.

Conclusions

ITB is a safe and effective method for treating severe
spasticity. The therapeutic dose that is required to de-
crease spasticity of cerebral origin is about three times
higher than that required in spasticity of spinal origin.
Over a follow up period exceeding 10 years, a constant
baclofen dose was administered in most patients without
development of tolerance. If the patients are selected
carefully, ITB administration proves to be a cost effec-
tive treatment, which improves the patient’s quality of
life. It is indicated primarily in severe spasticity of spinal
or cerebral origin that is unresponsive to oral antispastic
agents and also for patients who experience intolerable
CNS side effects to the orally effective baclofen dose.
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Intrathecal baclofen for the treatment of spasticity
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Summary

Spasticity is a clinical condition characterized by a velocity-dependent
increase of muscle tone due to ““parapyramidal” disturbance of the in-
hibitory afferents to the second motor neuron.

Intrathecal baclofen (ITB) is at present the most effective treatment
for generalized spasticity provided that an accurate assessment of pa-
tients to be candidates for ITB is made. The most important patient
selection criterion is lack of positive response to any oral antispastic drug
or appearance of undesired side effects of such oral treatment.

Spasticity should not be treated in patients in whom it may be helpful
to maintain posture due to their very poor muscle strength. When as-
sessing a spastic patient alternative treatments such as Botox and pe-
ripheral neurotomies must also be considered, particularly in cases of
predominantly focal spasticity.

According to our experience, it is advisable to divide spastic patients
into two different groups: the first group including wheel-chaired and
bed-ridden patients, the second group comprising spastic patients who
are still able to move. In each of these two groups treatment goals vary
and require different protocols for the patients’ evaluation. Assessment
of patients is completed with the functional index measurement (FIM)
scale in order evaluate changes in patients’ quality of life caused by
variations in the motor performance.

Currently, treatment of spasticity with ITB is the most effective way
of reducing spasticity regardless of its cause.

Keywords: Neuromodulation; wheel-chair; spasticity; baclofen;
intrathecal; pump; bedridden patient; ITB.

Introduction

Spasticity is a clinical condition characterized by
a velocity-dependent increase of muscle tone due to
“parapyramidal” disturbance of the inhibitory afferents
to the second motor neuron. Increase of tendon reflexes
and appearance of muscle spasms are almost constantly
accompanying findings.

Also, spasticity is always flanked by variable muscle
weakness [1, 4, 14].

Spasticity is a clinical sign of many neurological dis-
orders and is caused by lesions at either the cerebral or

spinal level. It could be considered a positive sign of the
CNS’ ability to compensate for a focal or generalized
loss of muscle strength, and hence spasticity should not
be treated in all patients because it could be beneficial in
many. Patients affected by spasticity experience variable
deterioration in their quality of life mainly because of
a worsening motor performance [3, 10, 24]. Intrathecal
baclofen is at present the most effective treatment for
diffuse spasticity [1, 3—7, 11-14]. The difference in ef-
fectiveness between oral and intrathecal administration
of baclofen (ITB) is due to a significantly higher drug
concentration that can be achieved in the CSF by ITB. In
addition, there is a 4 to 1 gradient in drug distribution
between the caudal and rostral parts of the spinal cord fol-
lowing ITB, thus providing for a beneficial effect at the
spinal level without undesired side effects in the brain [18].

Patient selection

The most important criterion for patient selection is a
negative response to oral antispastic drug treatment as
this can be demonstrated by poor reduction of spasticity
and appearance of undesired side effects. If spastic-
ity must be treated but patients do not respond to any
oral therapy, intrathecal baclofen is currently the most
effective treatment.

However, spasticity should not be treated in pa-
tients in whom it represents a transitional phase of the
disease’s progression as in amyotrophic lateral sclerosis;
in such cases, any treatment of spasticity will result in a
reduction of muscle strength. Spasticity should also be
left untreated in those patients in whom it may be help-
ful to maintain posture, particularly in patients with poor
muscle strength.
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When treating a spastic patient, alternative treatments
such as botulinum toxin A (Botox'™) injection and pe-
ripheral neurotomies should be considered, especially in
cases of focal spasticity.

Special caution should be exercised in patients with
hypersensitivity, in whom even a very small dose of
baclofen may cause hypotonia and muscle weakness.
If needed, additional focal treatments of residual spastic-
ity with either Botox or peripheral neurotomies may be
applied in order to improve motor performance.

In our experience, it is advisable to divide spastic
patients into two groups: the first group includes wheel-
chaired and bed-ridden patients, the second group inc-
ludes spastic patients who are still able to move.

The goals of antispastic treatment in the two groups
are different. In the first group, the decrease of spasticity
aims to offer better sleep, nursing and posture while in
the second group, the treatment of spasticity aims to im-
prove the patient’s motor performance.

These two different targets require different protocols
for the evaluation and management of patients. In both
groups, clinical assessment and grading are based on the
same evaluation scales i.e. Ashworth Spasticity Scale,
Penn’s Muscle Spasms Scale and Osteotendinous Reflex
Scale. In the second group of the still-moving spastic
patients, an additional computerized gait analysis is per-
formed. Such careful evaluation of movement patterns
of various muscle groups during gait is done with and
without antispastic therapy in order to determine the
level of required treatment.

Analysis of gait is performed using the Elite System,
in which the following parameters can be recorded:

1. recruiting pattern of affected muscles during altered
gait

2. temporal phase of gait

3. stance reaction forces and

4. movements of hip, knee and ankles during gait

The assessment of patients is completed with the FIM
evaluation scale in order to analyse the degree of change
in patients’ quality of life due to variations in motor per-
formance. The complete battery of tests described above
is performed during the following stages: a) before treat-
ment, b) during bolus test of intrathecal baclofen, c) at
peak effect, and d) during long-term treatment.

Bolus test of intrathecal baclofen

The screening test of intrathecal baclofen administra-
tion is made through lumbar puncture; if necessary, the
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test is repeated with an increased baclofen dosage
(10, 25, 50, 75 and 100 pg) at each test. The test is nor-
mally considered positive when a decrease of spasticity
of about two degrees on the Ashworth Scale is achieved
for at least two hours during the day of test. This com-
mon assumption is valid for wheel-chaired and bed-
ridden patients while for walking patients the reduction
of spasticity could be even less pronounced but
should be accompanied by an appreciable improvement
in patient’s motor performance. A positive intrathecal
baclofen test is a sufficient indication for the implanta-
tion of a pump.

The choice of administration device

There are two types of administration devices (pumps)
that can be used for intrathecal chronic drug delivery.
All systems consist of an intradural spinal catheter con-
nected to an administration device. The administration
device can be either a constant-flow gas-propelled pump
or an electronically programmable pump.

In the gas-propelled pump, the solution flow is con-
stant as it is based on the pressure of gas in the ‘“‘high-
pressure” chamber, which compresses the drug reser-
voir. When the drug concentration needs to be changed
also dosage can be adjusted. In the electronically pro-
grammable pump, the change of daily dosage is achieved
by resetting the parameters of function. Main advantage
of the programmable pump is that functional parameters
can easily be altered via an external programmer without
any need to change the drug concentration. The pros of
the constant flow pumps include low price, low weight,
and smaller size. However, the relatively high cost
of baclofen in Europe discourages frequent changes of
daily dosages because in any such change the existing
drug in the pump must be discarded and be replaced by
new drug with the adjusted concentration.

Surgical procedure

In our department, implantation of an intrathecal ad-
ministration pump is usually performed under local
anaesthesia with exception of children and particularly
non-cooperative individuals. It takes around 30 minutes
without major discomfort for the patient. A large series
of catheters can be used as proximal intradural catheters.
They are all inserted at a low lumbar level with the tip
positioned upwards, usually to the level of the first lum-
bar vertebra (L.1). Unlike other groups, we do not think
that the level of the catheter tip is crucial in extending
the effect of baclofen upwards.
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An extension catheter is then connected to the pre-
viously inserted intradural catheter by means of a tita-
nium connector placed just outside the spinal processes.
A catheter loop is left at that level to avoid catheter
dislodgment during movements. The extension catheter
is tunnelled subcutaneously to reach a pre-formed sub-
cutaneous pocket created at the lower left abdominal
quadrant. Then, the catheter is connected to the pump
and the pump is placed in the subcutaneous pocket. The
pump can be filled and programmed in advance. Skin
sutures complete the surgical procedure. Problems con-
nected with these systems include: catheter dislodgment,
puncture or kinking, pump arrest, and incorrect pro-
gramming or refilling of the pump.

In our series, only two patients presented with device-
related problems: one patient suffered catheter disloca-
tion after undergoing massage on his backbone, and
the second patient, a heavily-built obese man suffering
from diabetes, developed an ulcer decubitus on the skin
wound overlying the pump at the subcutaneous abdom-
inal pocket; thus the pump was replaced on the contral-
ateral abdominal side. One should ensure that refilling of
the pumps is always done in a very careful manner,
because there is a substantial risk of overfilling the pump
which may lead to drug overdose in the patient. It is
very important to stress as a warning that with respect
to ITB there are no antagonist molecules available in
clinical use as antidotes. Hence, a severe syndrome of
baclofen overdose must be managed in an intensive care
unit. The patient is usually dismissed two days after
pump implantation. Clinical evaluations are performed
on a weekly basis for 3 months; thereafter the patient is
evaluated at refills.

Results

A stable decrease of spasticity is observed after about
6 months of staged gradual increase in daily baclofen
dose. At that point in time, the decrease in spasticity and
daily dose are stabilized.

When the patient suffers exclusively from spasticity,
the effects are remarkable and easily achieved in bed-
ridden and wheel-chaired patients. Particularly in multiple
sclerosis patients, a very low daily dose of baclofen can
result in a marked decrease of spasticity. Patients who
responded positively to the baclofen bolus test are ex-
pected to experience a marked and stable decrease of
their spasticity irrespective of the cause. There are pa-
tients suffering from cerebral palsy in whom a decrease
of spasticity seems to be only temporary; in these cases,
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however, an extrapyramidal component may be revealed
by the decrease of spasticity [1].

In the published series, patients are usually presented
as one single group and results of ITB as a diagram
of progressive improvement on the Ashworth Spasticity
Scale and Penn’s Muscle Spasms Scale [3, 4, 8, 10-16,
19, 20, 22-24]. Several recent articles report improve-
ment in the quality of life during long-term treatment
with ITB by evaluating and scoring on the basis of
quality of life (QoL) scales.

In our experience, division of spastic patients into two
separate groups of: a) wheel-chaired and bed-ridden, and
b) walking patients is useful in order to distinguish and
elucidate the different outcomes of these two patient
groups during long-term ITB.

Wheel-chaired and bed-ridden patients

During chronic ITB treatment, patients experience a
stable decrease in spasticity regardless of its underly-
ing cause, a drastic reduction of muscle spasms, im-
proved sleep and better capacity to sit in a wheelchair,
as well as easier nursing. In our experience, in order to
achieve a good control of spasticity, the daily dose
can be variable depending on the individual patient,
the underlying disease and whether the condition has
caused damage to the brain or spinal cord. In our se-
ries, daily doses varied from 25 to 1100 pg of baclofen;
two different evaluations were done in both lower and
upper limbs. It is important to maintain a balance be-
tween the effect on the lower and upper limbs; exces-
sive decrease of spasticity in the lower limbs could be
associated with a higher risk of decubitus ulcer, urinary
retention and muscle weakness. We did not notice any
variation in the distribution of the antispastic effect
with respect to the different positions of catheter tip
along the spine. Thus, we prefer to insert the catheter
tip at level L1 or L2, avoiding its contact with the spi-
nal cord.

Determination of the optimal daily dose depends
on the individual patient’s needs and the disease caus-
ing spasticity. When spasticity is due to disease affect-
ing the brain, the required daily dose of ITB is higher
than the daily dose needed to decrease spasticity in a
disease affecting the spinal cord. Although variations
in functional scales before and during treatment are
not important in these patients, improvements in nur-
sing, ability to sleep and maintenance of sitting po-
sition represent a marked benefit for patients’ quality
of life.
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Patients able to walk

The effect of ITB in these patients is dependent on the
cause of spasticity. When spasticity is due to acute mye-
litis, it is likely that patients will experience an improve-
ment in their ability to walk provided that they follow a
continuous program of motor rehabilitation. When such
patients are assessed according to the FIM scale, a rele-
vant improvement in their functional independence is
observed. On the other hand, if spasticity is caused by
a slowly progressive disease such as familial spastic
paraplegia, the effect of ITB in terms of motor perfor-
mance does not appear to be significant; however, in the
long-term, when patients are slowly withdrawn from
treatment, their motor performance dramatically wors-
ens. Thus, the lack of remarkable improvement in motor
performance does not indicate that ITB is useless in such
patients. On the contrary, it indicates that a preservation
of motor performance is achieved despite the slow pro-
gression of disease. A wide variation in daily dose may
be required in order to achieve this result.

General considerations

Treatment of spasticity by ITB is presently the most
effective way of reducing spasticity regardless of its
cause. The best results are obtained when the right indi-
cation exists in a patient [3, 4, 8, 10-15, 19, 20, 22-24].
Any additional treatment for focal residual spasticity can
initially be based on Botox and on peripheral neuro-
tomies to optimize the results of ITB in patients with
dystonic components or residual deficits of motor perfor-
mance. The urological assessment of spastic patients and
the appropriate rehabilitation must also be programmed
in order to achieve the best results [9, 21].
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Management of spasticity in multiple sclerosis by intrathecal baclofen

A. Dario and G. Tomei

Neurosurgical Clinic, Insubria University, Varese, Italy

Summary

Since its introduction, chronic intrathecal baclofen (ITB) infusion has
been proved to improve spasticity, spasms and related pain. In the
literature, the reported clinical improvement is evident in more than
85% of the patients suffering from spasticity and in more than 66% of
the patients suffering from spasms. Usually, the evaluation of spasticity
is carried out by the Asworth Scale although there is not yet general
accordance on the validity of this scale. It is possible that some of the
scales used to assess the implanted patients are not sensitive enough to
detect changes in the quality of life or functional outcome. After the
pump’s implantation, the overall care seems to be rather simple for a
devoted team. The side effects are usually temporary but they can worry
the patients. The most dangerous side effects are baclofen overdose and
withdrawal syndrome. These complications are totally avoidable by
adopting an approach attentive to the details regarding the patient, the
device, and the procedure.

Keywords: Intrathecal baclofen; multiple sclerosis; spasticity.

Introduction

Spasticity is estimated to be present in about 60% of
the patients suffering from multiple sclerosis (MS); one
third of MS patients modify or discontinue daily activ-
ities as a result of spasticity [21]. Of the total population
of MS patients, the potential candidates for ITB admin-
istration are about 13%. Since its introduction by Penn
and Kroin in 1984 [19, 25], ITB has been proved to
improve spasticity, spasms and related pain. There are
more than 30 series [2, 3, 5, 20] on spasticity treated by
ITB with a total of more than 300 patients with MS
reported. The mean follow-up varies but usually it does
not exceed a 2-3 years period; recently, a study with a
follow-up of more than 5 years was published [25]. In
general, there is accordance in the positive results in the
various studies. In the literature, the percentage of pa-
tients who have improved after ITB exceeds the 85%

with regards to spasticity and the 66% with regards to
spasms. Improvement in pain has also been reported.
The indications for ITB include: a) chronic diffuse spas-
ticity (more severe than grade 3 of the Ashworth Scale),
which is either unresponsive to oral antispasmodic drugs
or the treatment has unacceptable adverse effects, and
b) a positive response to the ITB screening test. In MS
patients, it is advisable to implant a pump with an ac-
cessory port in order to perform more easily examina-
tions of the cerebrospinal fluid (CSF) for the study of
the disease.

Postoperative management

In spite of the good clinical results of ITB on spastic-
ity, clinical studies focused only on its effect on MS
patients are limited. The stage and the course of the
disease are not described in many of the studies. This
is important as the drug dose could vary in relationship
to the neurological condition. It is important to know if
the decrease in spastic symptoms after ITB infusion is
due to the long-term intrathecal infusion or to a change
in the course of MS [7]. On the other hand, it is equally
important to know if an increase of spasticity could be
due to either drug tolerance or deterioration of MS.

After implantation, the management of patients un-
dergoing ITB treatment appears to be rather simple for
a devoted team; it should be kept in mind, however, that
the patient must be followed-up regularly and carefully.
Usually, the evaluation of spasticity is carried out by the
Asworth Scale (AS), although there is not yet general
accordance on its validity [17]; notably, the AS is not
sensitive enough for detection of small changes in mod-
erate or severe spasticity and, consequently it may not be
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very useful in evaluating the functional consequences or
the dynamic aspects of spasticity [15]. In the evaluation
of spasticity, the soleus stretch reflex could be useful in
patients with MS [15] as well as other scales [8] includ-
ing the Tardieu scale [24]; the latter takes into consid-
eration the velocity-dependent nature of spasticity. Since
spasticity may co-exist with other motor disorders it is
not easy to distinguish it clearly. This problem is partic-
ularly important in walking patients. Several dose ad-
justments, over a period of a few weeks to a few months,
may be needed in order to achieve the maximum clinical
effect. The programmability of the pumps allows fine
adjustments, which can resolve noctural spasms with a
higher dose at night or allow the increase of spasticity
during the day for the performance of particular tasks.
Recently, new pumps offer to the patients the options of
partial control over the pump programming itself and of
bolus administration of the drug when required, a devel-
opment that clearly improves the flexibility of the device.

The importance of physical therapy cannot be under-
estimated. The efforts to restore the appropriate co-
operation of agonist and antagonist muscles should be
maximized and, if necessary, re-evaluation of the ortho-
sis and sitting systems should be undertaken. The goals
of ITB include functional improvement and improve-
ment in the quality of life (QOL). In the literature, the
data are not so clear on these issues. In long-term
evaluations, it seems that there is no improvement in
disability or perceived health status [25], while in eva-
luations using the Sickness Impact Profile (SIP) [14] a
statistically significant improvement was documented;
furthermore, a significant improvement was demonstrat-
ed when the Barthel Index Score (BIS) was used [2].
It is possible that certain of the assessment scales were
not appropriate for detecting changes particularly in
the QOL or functional outcome. Moreover, patients
with MS can have cognitive dysfunctions compromising
the correct execution of the tests. In the absence of a
“tailored” scale, the functional benefits in tetraplegic
patients may be underestimated [2]. A new method of
evaluation, particularly in MS patients should be devel-
oped. Notably, ITB was associated with a much higher
satisfaction rate among patients compared to the oral
treatment [21].

Management of side effects and complications

The side effects are mainly pharmacological whereas
the complications can be either pharmacological or
surgical. The management of urinary dysfunction is an
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aspect of this therapy that should be done in a very
careful manner. Decrease of detrursor hypertonia and
hyperactivity has been reported in 50% of the patients
[13]; the possibility to exacerbate existing urinary incon-
tinence or retention has not been yet clearly addressed
in the literature. Incontinence occurred in two of our
patients and was associated with reduction of patient’s
satisfaction for the good result of ITB on spasticity. Any
potential impact of ITB on erection and ejaculation [6] is
usually reversible and not a sufficient reason for inter-
ruption of this treatment; nevertheless, this is a very
important issue in patients with partial spinal cord dam-
age and should be addressed because the patient ex-
periences this impairment as an additional deficit and
evidence of further progression of the disease. Further-
more, the impairment of intestinal functions [16] and
problems such as constipation should be expected but
they are usually treated with specific drugs. Usually, ad-
verse effects such as drowsiness, dizziness, and slurred
speech are transient and require only lowering of the
drug dose [18]: with diligent follow-up, these problems
can be solved easily. Yet, one should be aware of the
possibility that these findings could represent a worsen-
ing of MS when they appear several months after the
onset of therapy. The phenomenon of tolerance to baclo-
fen is manifested by a gradual increase of the dose
required to produce a previously obtained positive effect
or by the gradual decrease of the effect produced by a
given dose [1]. The first manifestation of this phenom-
enon appears in about 15-20% of the patients, usually
within the first 12 months after implantation. The adjust-
ment of baclofen dose usually resolves the problem. The
second manifestation of this phenomenon is reported in
3.5-15% of the cases, without being more common in
MS [5], and can be associated with pruritus or paresthe-
sias; usually, a ““drug holiday” is required to restore the
clinical benefits. The cause is thought to be related to a
decrease of GABAg receptors after repeated drug infu-
sion; recently, however, it has been observed that there
are no significant alterations in GABAg receptor binding
sites [11]. During a ‘““drug holiday”, intrathecal mor-
phine is usually administered for 1-2 months; in certain
cases, however, the morphine treatment may become
necessary for a very long time. Notably, morphine can
also cause side effects such as vomiting, somnolence or
constipation.

Another issue is the possible decrease or termination
of the infused dose because this is no longer required; it
is not clear why and when this can occur and if it occurs
mainly in MS patients. It has been postulated that this
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could result from functional or structural changes at the
spinal level induced by the prolonged effect of highly
concentrated baclofen [7]. In our series, this pheno-
menon was noticed in 12% of the MS patients. We
observed a similar phenomenon in two patients with
supraspinal spasticity (unpublished data) and certain-
ly, this requires further studies. The most important
pharmacological complication that must be avoided is
baclofen overdose; it is usually due to human error in
pump programming or pump refill. Its incidence varies
between 0 and 5% [5]. The symptoms include hypore-
flexia, severe hypotonia, sedation or coma, and respira-
tory depression; for the most part, these are reversible
without permanent damage. The errors of the program-
mer leading to these complications are totally avoidable
if one is attentive to details. If overdose does occur, the
airways, breathing, and circulation must be secured and
maintained. The pump must be stopped and the baclofen
removed from the reservoir; physostigmine should be ad-
ministered intravenously and a lumbar puncture should
be done to evacuate CSF in order to reduce the drug
concentration in it. Antiepileptic drugs may be helpful
in treating or preventing seizures related to overdose.
The most dangerous potential complication of chronic
intrathecal infusion is withdrawal. Due to a failure of the
infusion system or to an empty pump, this problem is
usually manifested with a recurrence of the patient’s
baseline spasticity; yet, in few reported cases, the with-
drawal caused fever, seizures, unstable blood pres-
sure, and deterioration of consciousness: if not treated
promptly, this could progress over 24—72 hours to renal
and hepatic failures, disseminated intravascular co-
agulation, and death. In the literature, the withdrawal
syndrome was observed mostly in cervical spinal cord
injury patients but MS patients can also be affected [5].
The therapy aims to restore urgently the ITB infu-
sion by refilling the empty reservoir or correcting the
damage in the infusion system. In addition, the ap-
propriate drugs should be offered to treat fever, sei-
zures or renal failure. The withdrawal syndrome can
also occur 1-7 days before the drug’s residual volume
reaches the volume of alarm (usually of 2.0ml): in
these cases, the syndrome does not develop if the alarm
volume is increased to 4 ml [23]. Our current improved
understanding of this syndrome and its urgent treatment
obliges us to program carefully the pump refills for
each patient.

In the literature, the reported cases of epilepsy in
patients with chronic ITB are rare, although a relatively
higher incidence of epileptic seizures in MS patients
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undergoing ITB has been reported [22]. In these series,
the onset of epileptic seizures was associated with ag-
gravating factors such as febrile illness or baclofen over-
dose. In the severe MS patients, cognitive abilities are
reduced, so, it is important to study if and when there is
impairment of these functions by the long term ITB.
Notably, low doses of baclofen have improved memory
performance while higher doses have impaired it [12]. It
would be useful to know the baclofen dosage that can
cause memory deficits and this should be specified. In
further research, particularly in non-ambulatory patients,
it is advisable to adjust caloric intake once spasticity is
reduced because the caloric requirement in patients with
good spasticity control is reduced [10]. During follow-
up, in patients with potential renal insufficiency, a check
of renal functions should be performed. General anaes-
thesia could cause adverse effects because of inter-
actions of baclofen with the anaesthetic drugs; special
care should be taken for this possibility in the periop-
erative period [9]. The pump infusion could be discon-
tinued; however, if this is extended there is a risk of
withdrawal syndrome. The surgical complications are
rather frequent affecting up to 1/3 of patients [20]; the
most common complications are system failure, CSF
fistula, and infections. The main cause of technical
failure of the system is damage in the spinal catheter
(about 50%). The catheter damage includes dislodg-
ments, migration, kinks, obstructions or disconnections
from the pump. Recently, the introduction of improved
catheters made this complication more rare. The forma-
tion of granuloma on the spinal catheter tip is very rare
in patients with ITB compared to morphine infusion;
however, this should be suspected in patients with rapid
weakness of the lower limbs. Infection of the pump
is rare and usually related to the procedure of surgical
implantation; the periodic refills of the pump or other
concurrent infections (respiratory, urinary tract and skin
decubitus) do not seem to be a risk factor for contam-
ination of the pump [4]. Nevertheless, careful skin dis-
infection is mandatory during refills.

In conclusion, ITB is a useful therapy with good clin-
ical results. In the future, in order to improve the ap-
plication of this therapy, we should do studies with
prolonged follow-up periods, develop better systems
for evaluation of spasticity, and record carefully the
types and occurrence of pharmacological and surgical
complications as well as the interactions of baclofen
with other drugs. In order to eliminate avoidable com-
plications, this type of therapy should be restricted to
specialized centres.
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Summary

In children, spasticity is commonly seen in the context of cerebral
palsy (CP), but also following head injury, cerebral infarct or other brain
insults. CP is a wide term used to describe a constellation of symptoms
that characterise the physical impairment of movement due to abnormal
brain development. The management of spasticity is tailored according
to the clinical picture of the child. Ambulatory mild spastic diplegics
tend to reach the maximum of their disability in the first few years of
life, and change little after the age of 5—7 years. Such patients who are
seen between 3-5 years and who attempt to mobilise with walking
frames are often good candidates for either dorsal rhizotomy or intrathe-
cal baclofen (ITB) administration with the implantation of an indwelling
pump. Non-ambulatory mild spastic diplegics and spastic quadriplegics
have more profound spasticity, painful spasms, orthopaedic deformities,
and difficulties with daily care and posture. ITB has become established
as the first line of surgical treatment for these patients. In the last decade,
there has been a definite trend away from ablative treatments and to-
wards reversible stimulation and infusion systems. Current pumps have
practical limitations but, in the next decade, it is anticipated that tech-
nological improvements will render the pumps more patient friendly.

Keywords: Neuromodulation; spasticity; children; cerebral palsy;
baclofen; pump; ITB.

Cerebral palsy — spasticity

Spasticity is a movement disorder defined as the veloc-
ity-dependent hyperactivity of the tonic stretch reflexes
that control muscle tone. In simpler terms, when exam-
ining a joint, whereas normally there is equal distribu-
tion of resistance (tone) throughout the passive movement
of the joint, in spasticity the more the joint moves the
higher the resistance (tone) throughout the passive move-
ment of the joint.

Despite significant progress in management, there is
still considerable confusion and poor understanding of
spasticity, because it is not a clear disease entity, but
encompasses several inter-related motor disorders. In
children, commonly spasticity is seen in the context of

cerebral palsy, but can been seen also following head
injury, cerebral infarct or other insult that leads to supra-
tentorial damage. As the same pathophysiological and
management principles apply, most discussion will cen-
tre on cerebral palsy. Spasticity can result following
spinal cord injury, such as spinal trauma. This is rare in
children, but commoner in adults, and will be dealt with
elsewhere in this book.

Cerebral palsy (CP) is a wide descriptive term, admit-
tedly not with a clear definition, used to describe a con-
stellation of symptoms that characterise the physical
impairment of movement, due to abnormal brain devel-
opment. Under this wide term, complex movement dis-
orders are included such as spasticity, athetosis, ataxia
and dystonia. Recently, an attempt was made to define
better the term cerebral palsy, as so far it had been used
loosely. An International Workshop on Definition and
Classification of Cerebral Palsy was held in Bethesda,
Maryland in July 2004. As a result, Cerebral Palsy was
defined as ‘““a group of disorders of the development of
movement and posture, causing activity limitation, that
are attributed to non-progressive disturbances that oc-
curred in the developing fetal or infant brain. The motor
disorders of cerebral palsy are often accompanied by dis-
turbances of sensation, cognition, communication, percep-
tion and/or behaviour, and/or by a seizure disorder” [10].

Commonly, a patient affected by cerebral palsy has a
predominant component of the movement disorders, but
very frequently also a combination of all other types as
well. So in effect, the division to spastic, athetotic, ataxic
or dystonic cerebral palsy is characterised according to
the predominant symptom. Significant influence on the
management of these children plays the level of in-
tellectual and educational development. Some children
are intellectually normal or near-normal and can follow
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mainstream school despite their physical disabilities and
others are severely affected intellectually, which further
compounds their clinical management.

Cerebral Palsy is usually the result of an insult to
brain development early in life. In full term babies, a
common event is a perinatal hypoxic episode. In pre-
mature babies, several risk factors have been identified
predisposing to cerebral palsy such as the presence of
ductus arteriosus, perinatal hypotension, requirement
of blood transfusion, need for prolonged ventilation,
pneumothorax, sepsis, hyponatraemia, need for total par-
enteral nutrition, seizures, intraventricular haemorrhage
and brain parenchymal damage and ventricular dilata-
tion [36]. Among babies born weighing less than 1500 g,
the rate of cerebral palsy is 70 times higher compared
to those weighing 2500 g or more at birth [26]. Children
who suffered a distinct cerebral insult, such as infraction
or haemorrhage will have evidence of such abnormality
on imaging. The majority of children with cerebral palsy
have suffered a perinatal hypoxic insult, severe enough
to impair basal ganglia function, which are nevertheless
structurally intact; so these children have normal brain
structure on imaging, but can be profoundly disabled by
their condition.

Pathophysiology

Understanding of the underlying pathophysiological
mechanisms of spasticity is important for the design of
effective treatment strategies. In its most simplistic and
elementary interpretation, the basis of spasticity is a
hyperactive stretch (tendon) reflex. Obviously, it is a
complex movement disorder with several underlying path-
ophysiological mechanisms in action at any given time.
The previously believed mechanism of fusimotor hyper-
activity has fallen out of favour. It was believed that in-
creased tendon reflexes were due to hyperactive gamma
efferent activity on the basis of which the surgical treat-
ment of selective rhizotomy evolved in the late 1970s
and early 1980s. Subsequent studies though showed that
there is no evidence of increased muscle sensitivity or in-
creased Ia discharge in response to muscle stretch [49].

The main mechanism predominantly operative in spas-
ticity is considered to be excessive excitation due to de-
ficient supratentorial inhibition from descending brain
pathways. In response to any muscle movement, the mus-
cle spindles produce normal afferent input. Normally,
at the level of the spinal cord, there is presynaptic inhi-
bition of Ia terminals. This presynaptic inhibition is due
to gamma amino butyric acid (GABA) released from
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Fig. 1. Diagrammatic representation of the mechanisms implicated
in spasticity and site of action of baclofen (Adapted from McLean [34])

inhibitory interneurons, which interact with receptors
on the Ia terminals (Fig. 1) [49]. In addition, near the
GABA receptors are also receptors for benzodiazepines
such as diazepam, which have similar effect. These inhi-
bitory interneurons are modulated by descending neu-
rons that come from the basal ganglia and travel down
the spinal cord. A lesion that reduces this presynaptic
inhibition, leads to overdrive of the stretch reflex circuit
due to diminished presynaptic inhibition. The result of
reduced presynaptic inhibition is relative excess of excit-
atory neurotransmitters such as glutamate and aspartate.
Methods that could enhance this diminished presynaptic
inhibition could improve spasticity in theory. Other
mechanisms involved are reduced Golgi tendon organ
inhibition, reduced Group II myelinated fibres inhibition
and reduced recurrent Renshaw cells inhibition at the
anterior horns of the spinal cord [49]. In addition to the
pathological enhancement of the stretch reflexes, there is
also pathological overlap between agonist and antago-
nist function [37].

A direct consequence of the long standing increase of
the muscle tone is the development of joint contractures.
Contracture is defined as the persistent loss of full pas-
sive range of motion in a joint due to permanent struc-
tural soft tissue changes. While permanent contractures
can be caused by a variety of reasons, in the context of
spasticity, the increased tone usually leads to contractions
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of the flexor muscles in the arms and extensor muscles in
the legs. Prolonged muscle contractions eventually lead
to contractures in the joints that these muscles control.
The cause of these contractures is not entirely clear. It
may be due to muscle fibrosis or change of muscle fibre
type complement, which leads to muscle shortening, or
due to change in dynamic properties of the muscles,
which develop lower sensitivity threshold. Of interest
is that such contractures are seen to a lesser degree in
adult patients who develop spasticity as result of stroke
or other brain injury.

Epidemiology

For every 1000 live births, 1.5-5 children will sustain
birth injury which will lead to cerebral palsy [2, 26]. At
least 50% of them will develop spastic cerebral palsy
and another 25% will manifest some mixed form of
athetotic-ataxic-dystonic cerebral palsy with obvious
spastic component. Almost all of these children will
require treatment for their spasticity and the coexisting
orthopaedic problems. One in five children with CP have
severe intellectual deficit and are unable to walk. Cere-
bral Palsy carries a 1% mortality per year in the first five
years of life, declining to 0.35% per year up to the third
and fourth decade of life [12]. Deaths are rare after the
age of 25 years. Severe motor impairment is associated
with increased mortality [12]. Children born after more
than 32 weeks’ gestation are at risk of significantly
higher mortality than very preterm infants, largely due
to the higher rates of intellectual disability [12].

Clinical manifestations of spasticity

Commonly, the clinical manifestations are not seen in
the first few months of life, but are appreciated as the
child develops in the first two years and fails to ““hit” his
normal developmental milestones. As the child begins to
grow, neuromuscular development is lagging behind and
the features of spasticity are gradually appearing.

Table 1. Ashworth scale
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Three distinct clinical syndromes are recognised, al-
though intermediate pictures are not uncommon: i. Pre-
mature children born before 32 weeks gestation who
suffered any degree of encephalopathy develop spastic
diplegia, with the lower limbs more affected than the
upper limbs. ii. Children born at term who suffered a
perinatal hypoxic event resulting in encephalopathy de-
velop spastic quadriplegia, with all four limbs similarly
affected. This picture is observed and in other acquired
forms of cerebral palsy (e.g. following head injury, sur-
vival from drowning or cardiac arrest etc). iii. Children
who develop neonatal intraventricular haemorrhage,
usually Grade IV with significant parenchymal damage
in the region of the basal ganglia develop spastic hemi-
plegia that affects arm and leg on one side.

A minority of children with spastic diplegia can walk
independently, with variable degrees of help. The ma-
jority of children with spastic diplegia and almost all
with spastic quadriplegia are wheel chair bound and
typically suffer painful flexor spasms of variable degree,
which interfere with almost all activities of daily living.
They may have difficulty in sitting in the wheel chair
or even lying down from painful spasms of the trunk
muscles, as well as have painful spasms of their limbs.
As a consequence of this, there is variable degree of
muscle weakness, easy fatigability and loss of dexterity,
which in severely affected children can interfere with
feeding, dressing, toileting and other basic life activ-
ities. In mixed types of cerebral palsy, there is variable
combination of ataxia, athetosis and dystonia, which
can complicate assessment and choice of treatment
even more.

Examination of the limbs shows invariably increased
tendon reflexes and clonus. In the early 1960s, Ashworth
devised a simple scale to classify the degree of raised
tone, ranging from 0—4 [8] (Table 1). While over simplis-
tic, it is still used today as it provides a coarse standard
for comparison. In the 1980s, this scale was modified to
extend from 0-5 [13]. Like all clinical scales, in both
original and modified forms, it provides only a broad

Score orig/mod  Original scale [8]

Modified scale [13]

0/0 no increase in tone no increase in tone
1/1 slight increase in tone, catch when limb is moved slight increase in tone, catch and release when limb is moved
1/2 slight increase in tone, catch when limb is moved followed

by a minimal resistance throughout the remaining movement
2/3 more marked increase in tone but limb is easily moved more marked increase in tone but limb is easily moved
3/4 considerable increase in tone, passive movement difficult  considerable increase in tone, passive movement difficult

4/5 limb rigid in flexion or extension

limb rigid in flexion or extension
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measure of the degree of tone increase, and by no means
describes the complex movement disorder and clinical
picture that almost all patients have [38]. Nevertheless,
like all simple scales, it has stood the test of time and is
still in use today.

Most patients with long standing spastic quadriplegia
have a variable degree of limitation of joint range of
movement due to contractures. During clinical assess-
ment it is often difficult to establish to what extent the
limitation of range of movement is due to the muscle
contractions or due to fixed contractures. Often, the only
way to differentiate is examination under anaesthetic,
while the child is asleep for another procedure (e.g.
baclofen trial lumbar catheter insertion).

Clinical assessment and management of children with
spastic cerebral palsy requires multi-disciplinary team
approach, with active involvement of neurosurgeon, or-
thopaedic surgeon, rehabilitation physician-physiatrist
and physiotherapist. In addition to assessment of tone,
movement pattern, and joint contractures, a thorough as-
sessment of functional performance is required. Several
scoring systems are used, the Wee Functional Indepen-
dence Measure (FIM), the Gross Motor Function Classi-
fication System (GMFCS) and the Gross Motor Function
Measure (GMFM) being the more popular ones.

Natural history of spasticity in cerebral palsy

Children with spastic diplegia tend to reach the max-
imum of their disability in the first few years of life,
and change little after the age of 5—7 years. The ones
affected in a milder degree usually do not deteriorate
with time at all. As most of them are intellectually
intact, they often manage to follow mainstream school
with help in their physical disability. More severely
affected children can experience deterioration of symp-
toms in their legs with time. They also suffer from a
variable degree of intellectual impairment, which re-
quires appropriate educational support. Overall, up to a
third of patients with CP complete education beyond
secondary school and 5% pursue higher studies. A third
of them are employed in mainstream jobs [35]. The in-
tellectual impairment is the major determinant of social
integration [35]. Children with spastic quadriplegia con-
tinue to deteriorate throughout their life, and usually by
the age of 10 years they have already significant prob-
lems of day-to-day care. While most of these patients are
of thin build, as they grow to become young adults and
their body mass increases, it becomes very difficult to
care for them.
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Patient management

Management of children with spastic cerebral palsy is
multi-faceted and aims to address as many of their prob-
lems as possible: constraint mobility, spasticity, pain,
posture, joint contractures, quality of life. While isolated
management of spasticity can offer symptomatic im-
provement, these difficult patients can benefit from the
maximum of what can be achieved only in the context
of a multi-disciplinary team, with significant additional
input from orthotists, physiotherapists and community
physicians.

Management of contractures — orthopaedic treatment
(tenotomies, tendon transfers, rotation osteotomies)

While beyond the scope of this chapter, orthopaedic
surgeons involved in management of patients with spas-
tic cerebral palsy have a proactive approach to manage-
ment of contractures, aiming mostly to prevent them.
Severely affected spastic quadriplegics with contracture
deformities, can benefit by Botulinum toxin A injections
in selected muscles groups, tenotomies (e.g. adductor
tenotomy in the hip, hamstring lengthening for the knee),
muscle release, tendon release, tendon transfers or even
derotation osteotomies (usually of the femur) to modify
the vectors of action of different muscles and improve
function [11]. As the mature gait pattern develops by the
age of 7 years, orthopaedic surgery should be avoided
in ambulant children before that age [42]. Derotation
osteotomies usually are not undertaken before the age of
8 years, due to high recurrence rate [42]. With the advent
of less invasive treatments such as intrathecal baclofen,
the need for such treatments is decreasing [22].

Posture-orthosis

Wheel chair bound patients have ever increasing de-
mands for orthotic aids to facilitate their sitting and
posture. Most patients with severe long standing spastic
quadriplegia have abnormal truncal posture and require
regular modifications to the wheel chairs to provide
comfort. This often proves a major challenge.

Management of spasticity and pain

Control of spasticity usually leads to reduction of pain
from spasms. Management of spasticity depends on the
clinical condition of the patient when first seen, the sever-
ity and type of movement disorder and the age. Prior to
embarking on any treatment of children with spasticity,
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it is important to have long discussions with the family
and other carers to establish common ground of expec-
tations from the treatment. As in most cases any treat-
ment can offer only a moderate alleviation of symptoms;
unrealistic expectations from the family result in failure
and breach of trust.

Commonly, in the early stages spasticity is managed
medically with some of the agents described below. In
most cases, the effect of medical therapy is at best mild
and is attenuated after the first few months or a year.
After that, while medical treatment can continue, it is
largely ineffective, and surgical options are explored.
A management scheme of the different clinical forms of
spasticity is outlined, followed by more detailed discus-
sion of the different options.

Management of ambulatory mild spastic diplegics

Provided that these patients are seen early, in the first
few years of life, there is great scope for maximising
their potential and some of them may even walk unaided
or with minor help. Commonly, medical treatment is tried
initially but its effect is not dramatic. As the severity of
the disease progresses, the patient moves to percuta-
neous Botulinum toxin A injections and to more invasive
surgical treatment. As this group tend to have more mild
movement disorder, early surgical treatment offers the
best long term returns.

Medical management. From the various pharmacolog-
ical agents discussed in detail later, only oral diazepam
and baclofen have a proven effect on spasticity and pain
but have dose-related side effects, making long-term ad-
ministration problematic. They are usually tried for lim-
ited periods in this group of patients. Botulinum toxin A
injection to selected muscles can improve spasticity. Its
effect lasts for 3—4 months and can only be repeated a
few times. So this treatment is good for a limited period
of time of a few months up to a year.

Surgical management. Selective neurectomy or neu-
rolysis by alcohol or phenol injection has been utilised
in the past to reduce the activity of muscles which are
perceived to be overactive. Usually it is not appropriate
for this group of patients, and in any case, it has fallen
out of favour in recent years, as the trend for reversible
treatment modalities has taken pace.

Patients who are seen early in life, between 3-5 years,
who attempt to mobilise with walking frames, are often
good candidates for ablative procedures such as the dif-
ferent variants of dorsal rhizotomy. Dorsal rhizotomy
has been evolving for over 4 decades and when per-
formed judiciously it can improve walking pattern of
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these patients, without other significant complications.
While these patients are of thin build when they are
young, they increase their weight following successful
rhizotomy and later on in life their mobility can regress.
As with all surgical treatments of spasticity, after sur-
gery, any pre-existing weakness is unmasked and most
patients require intensive physiotherapy in the first few
postoperative months, to capitalise on the beneficial ef-
fect of the treatment. Recently, intrathecal baclofen has
been tried in this group of patients with success.

Management of non-ambulatory mild spastic
diplegics and spastic quadriplegics

These children are commonly more severely affected
in all respects, with more profound spasticity, painful
spasms and all the other problems with orthopaedic de-
formities, difficulties with daily care and posture. In ad-
dition to spasticity, most patients have an element of
ataxia, athetosis and dystonia. Most patients deteriorate
over time and eventually become candidates for surgical
treatment. Patients with acquired spasticity secondary to
brain injury of various causes behave in a similar way
to children with congenital spastic quadriplegia and are
managed in a similar way.

Medical management. Oral diazepam and baclofen are
commonly administered in the early phases of manage-
ment, with moderate success. The effect of these agents
eventually becomes blunted and while the dose is grad-
ually increased to improve the clinical response, the
side effects after a point prohibit further use and force
discontinuation.

Surgical management. Selective dorsal rhizotomy can
improve spasticity in lower limbs, but usually the results
are limited as these patients tend to be severely affected.
Intrathecal baclofen (ITB) has shown promising short
and medium term results and has become established
as the first line of surgical treatment for these patients.

Medical management of spasticity

For most patients, success of medical management in-
volves trial and error as variable responses have been dem-
onstrated to different agents, and some patients develop
significant side effects without enjoying any benefit.

Diazepam

Diazepam is a benzodiazepine and enhances presynap-
tic inhibition at the spinal cord by potentiating the effect
of gamma-aminobutiric acid (GABA) [48]. In addition,
it has a tranquilizing, sedative and anticonvulsant effect,
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which contributes to the overall action on patients with
spastic cerebral palsy, especially those with high levels
of anxiety. It has a good effect in reducing spasticity and
pain associated with spasms, although its effect on flexor
spasms is not as good as that of baclofen. Its main lim-
itation is the dose related drowsiness, somnolence, ver-
tigo and dizziness. Physical dependence is well
described and should be borne in mind when prescribed
in patients for long periods.

Dantrolene

Oral dantrolene sodium has been shown in double
blind trials to decrease spasticity and all its manifesta-
tions in more than half of the children with cerebral
palsy that were treated with it [44]. While it decreases
spasticity in some patients, it may not influence the level
of pain associated with the spasms. Significant side
effects are seen in some patients such as irritability,
lethargy, drowsiness and exacerbation of pre-existing
seizures. Increase of liver enzymes has been reported
in children. For this reason, long term dantrolene admin-
istration in children requires careful follow up.

Clonidine

Oral clonidine has been shown in clinical trials to
decrease spasticity in half of the patients treated with
it [44]. A significant number of patients develop com-
plications such as postural hypotension, lethargy, dizzi-
ness, drowsiness and insomnia, without experiencing
any reduction of tone. Side effects are dose related.
Relief of pain associated to the spasms is variable. Its
effect in children is debatable.

Tizanidine

Oral tizanadine has been shown in clinical trials to
improve spasticity. It has been compared to oral diaze-
pam and baclofen and has been found to provide better
symptomatic relief. Over 80% of patients show some
improvement of spasticity. Side effects are seen in more
than half of the patients and include somnolence (the
commonest), dizziness, weakness, fatigue and sleep dis-
turbance. While in adults these are not severe enough to
require withdrawal of the medication in children the rate
and intensity of complications is higher and makes it
unsuitable in most cases [44].

Gabapentin

Oral gabapentin has been shown in double blind con-
trolled trials to reduce significantly spasticity and pain in
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adults but its effect in children has not fully explored. It
may prove promising.

Baclofen

Baclofen is a GABA agonist with multiple actions
within the central nervous system. Its action relevant
to spasticity is that of a pre-synaptic inhibition of release
of excitatory neurotransmitters (glutamate, aspartate),
mediated via the GABA-B receptors situated in Rexed
laminae II & III of the spinal cord [3, 40, 48] (Fig. 1).
This in part substitutes for the lack of inhibitory control
from the descending pathways. Baclofen decreases stiff-
ness and increases the threshold of the stretch reflex [37]
but also improves spasticity by increasing selective acti-
vation, and hence possibly counteracting co-contraction
[28]. In successful cases, baclofen induces a reduction of
stiffness by 30%, reduction of the stretch reflex ampli-
tude by 35% and increase in the threshold of the stretch
reflex by 100% [37]. From clinical practice it is known
that there is a rather narrow window of baclofen con-
centration, which offers reduction of spasticity without
causing global muscle weakness. Indeed, a common
method of determining the optimal daily dose of baclo-
fen that the intrathecal pump delivers, is to increase the
dose high enough to cause unwanted global weakness,
and subsequently reduce the dose to the maximal desir-
able effect.

Oral baclofen has been shown in double-blind con-
trolled trials to reduce spasticity in children with cerebral
palsy. Its effect on pain is debatable. Approximately,
a third of the patients develop significant side effects
such as somnolence and hypotonia, which forces dis-
continuation of the medication. Side effects are dose
related. Oral administration does not achieve good con-
centration in CSF, as gastrointenstinal absorption be-
comes prolonged with higher doses [48]. For this reason,
direct intrathecal delivery has been employed for the
last fifteen years, with proven satisfactory clinical ef-
fect [3, 4, 6, 18, 22, 23, 29, 30, 32, 52]. In patients with
spasticity when an attempt to move a joint is initiated,
the agonist muscles are activated first but within a very
short period of time, the antagonist muscles begin to
activate as well, opposing strongly the action of the
agonists, and thus creating the clinical picture of spas-
ticity. As Electro-Myo-Graphy (EMG) studies have
shown, intrathecal baclofen breaks down that simulta-
neous muscle activation, allowing selective activation
of the agonists first, while the antagonists remain dor-
mant, in a pattern similar to that seen in normal indi-
viduals (Fig. 2) [17, 45]. It improves the temporal
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Pre-Baclofen

Foot Dorsal Flexion

Gastrocnemius

Tibialis Anterioris

Post-Baclofen

Tibialis Anterioris

Foot Dorsal Flexion

Gastrocnemius

b

Fig. 2. Representative example of the effect of intrathecal baclofen on
foot dorsal flexion. (a) Before baclofen administration. Both agonist
(tibialis anterior) and antagonist (gastrocnemius) muscles fire almost
simultaneously, resulting in spasticity. (b) After baclofen adminis-
tration the agonist muscle (tibialis anterior) is firing unopposed, in a
manner similar to normal, corresponding in a clinical improvement
of spasticity. (in all recordings amplitude is 200 pV/div and time is
20 msec/div)

pattern of muscle activation establishing a more phys-
iological sequence [45].

Botulinum toxin A

Botulinum toxin A (Botox/Dysport) is a locally act-
ing antispasmodic exotoxin which, when injected in to
a muscle, blocks its neuromuscular junctions and con-
sequently the muscle becomes paralysed for the dura-
tion of the action of the drug. Administered in carefully
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selected muscle groups, it can improve spasticity, and
by result, motor function and passive range of move-
ment. In double-blind controlled trials it has been shown
to produce significant reduction of spasticity and im-
provement in range of joint movement [9]. It is particu-
larly effective in alleviating pain associated with spasms.
It carries a small incidence (5%) of tolerable complica-
tions such as pain or weakness at the injection site. The
downside for this easily administered treatment is that its
effect lasts only 3—4 months, and after a few adminis-
trations it becomes less pronounced so the treatment
becomes ineffective. So this treatment is good for a lim-
ited period of time of a few months up to a year and
cannot offer any long term improvement [44]. It is often
used in association to adductor-release surgery in the
early postoperative period, or in conjunction with cast-
ing, during the period of its action. Its effect is directly
related to the experience of the doctor administering it,
as careful selection of muscles for injection is important.

Surgical management of spasticity

As in other branches of neurosurgery, surgical man-
agement of patients with spasticity has been influenced
by trends and technology. In the 1960s, 70s and ear-
ly 80s, ablative surgery in the form of rhizotomy or
DREZotomy were widely used. Since the 1990s, as
the technology or indwelling pump infusion systems
has improved, there has been a significant shift towards
pump implantations for direct infusion of Baclofen in
the CSF. Both surgical approaches have pros and cons
and different indications. Admittedly, the use of sensory
rhizotomy demands considerable specialised expertise
from the surgeon as well as significant intraoperative
neurophysiological support, and for this reason it had
not been widely established even in its heyday, and has
gradually been restricted to spasticity centres with long
expertise on the technique. The recent advent of in-
dwelling pump implantation for baclofen infusion tech-
nically is not particularly demanding as it represents an
extension of widely used neurosurgical techniques (e.g.
insertion of lumbar shunts) and for this reason it has
been received well by neurosurgeons who did not neces-
sarily have long experience in the surgical management
of spasticity.

Neurotomies, neurectomies

With the advent of other less destructive procedures,
neurotomies have fallen out of favour. Nevertheless, in
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patients with severe spastic quadriplegia and signifi-
cant hip adductor spasticity, obturator neurotomy can
improve the situation. In the past, complete obturator
neurectomies were performed and they proved to re-
sult in uncontrolled hip abduction contracture due to
complete loss of opposing adduction. For this reason
complete neurectomy was superceded by selective par-
tial neurectomy of the anterior branch of the obturator
nerve, with good reported results in up to 80% of the
patients [53].

Dorsal (posterior) rhizotomy

Sensory posterior-dorsal rhizotomy was used in the
late 19th Century in the treatment of spasticity. In its
current form, it has been evolving since the 1960s and
its proponents advocate good results following its cor-
rect and judicious use. The original idea that has
evolved and was established by Gros was to divide
sensory incoming fibres at the level of the dorsal root
of the spinal cord, based on the pattern of muscle in-
volvement observed preoperatively [41]. The idea was
to preserve what they called “useful” spasticity, which
helps limbs and trunk to function (stand, walk etc)
and abolish “harmful” spasticity, which impedes nor-
mal movement by creating tone imbalances. To achieve
this, through a lumbar laminectomy or laminotomy, in-
traoperative stimulation of rootlets was performed at
the segments of L.2-S1 and electromyography and mus-
cle palpation was used to monitor the result, and taylor
the lesion accordingly. Variable results have been re-
ported, depending on the indications for surgery, with
success varying from 50% for hip adduction, 68%
for improvement of ambulation, 75% for prevention of
orthopaedic complications and 100% for improvement
of sitting ability [2].

A major advance in the concept of dorsal rhizotomy
came from the work of Sindou, who was a student
of Gros. In his university thesis, he described that as
the sensory rootlets approach the Dorsal Root Entry
Zone (DREZ) in the spinal cord, they assume charac-
teristic positions within the rootlet. The larger lemnis-
cal fibres take a central position within the rootlet,
whereas the type la myotatic fibres line lateral to them.
He described the technique of DREZotomy, in which
you can divide the nociceptive fibres as they left the
rootlet to curve towards Lissauer’s tract, by placing an
incision into the spinal cord at the DREZ, in patients
with chronic pain. Subsequently he described a mod-
ification of this technique for the surgical treatment of
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spasticity. By extending the cut at DREZ deeper, the
Ia fibres can be severed as they travel towards the
dorsal horn of the spinal cord. These lesions can be
performed at the ventral side of the entering sensory
rootlet, to ensure preservation of the larger lemniscal
fibres which enter more laterally [46]. DREZotomy
has been used predominantly for painful spasticity af-
fecting useless limbs, without aiming to improve func-
tion with a claimed 75% success rate of improvement
of symptoms and a 10% improvement of motor func-
tion. Sindou’s technique was later modified by Fraoli
and Guidoti [21].

Further modification of dorsal rhizotomy came in
1976 from Fasano, who devised a functional selective
posterior rhizotomy [20], which is widely practiced
today. Following stimulation, he demonstrated the pre-
sence of abnormal response and/or diffusion of muscle
response to areas outside the myotome of the stimulated
nerve. Fasano originally applied the technique by stim-
ulating the sensory rootlets at the spinal cord level.
Peacock later improved the technique by applying the
stimulation and lesion to the cauda equina, in order to
avoid the transient urological dysfunction that has been
observed when lesioning is performed at the spinal cord
level [39]. To avoid urological complications, lesion-
ing of S2 rootlets should be avoided [27]. In practice,
following laminectomy or laminotomy and exposure
of the rootless of the cauda equina, intraoperative stim-
ulation is performed and responses are recorded with
electromyography and clinical observation of muscle
contraction. The rootlets, the stimulation of which
produces abnormal response beyond the expected myo-
tome, are divided. Care is taken to monitor the bulbo-
cavernosus-clitoris reflex. Most authors have described
good overall result in 75% of patients, a trend towards
less lesioning, satisfactory reduction of spasticity, good
improvement rate of walking range in ambulatory pa-
tients, some improvement of motor function in non-
ambulatory patients, small incidence of intraoperative
complications such as bronchospasm and aspiration
pneumonia, small incidence of postoperative CSF leak,
small incidence of lumbar instability as result of the
laminotomy (less than 10%) and small incidence of
urological dysfunction [1, 2, 7, 31, 47]. A recent meta-
analysis of three randomized clinical trials showed a
direct relationship between percentage of dorsal roots
transection and functional improvement [33]. Functional
improvement has been reported better when the opera-
tion is carried out before the age of 8 years, best be-
tween ages 3—5 years [7]. Patient selection and intense
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physiotherapy support are important for the success of
this operation.

Continuous intrathecal baclofen infusion (ITB)

Direct intrathecal delivery of baclofen has been em-
ployed for the last fifteen years, with proven satisfactory
clinical effect [3, 4, 6, 14, 16, 18, 22, 23, 29, 30, 32, 34,
43, 51, 52]. As the effect of intrathecal baclofen may
be unpredictable, a test lumbar infusion is performed in
each patient who is a potential candidate, before a final
decision is taken to implant a permanent indwelling
pump. Intrathecal baclofen test is performed following
percutaneous lumbar catheter insertion. The next morn-
ing a single baclofen injection is given usually 100 png.
In very thin patients often we start with 50 pg to avoid
overreaction. Depending on the clinical response, dose
escalation is performed the following days, to 75 (if
started with 50), 100 and 200 pg [3, 6]. In most patients,
the test with this maximum dose will clarify if they are
suitable for pump implantation. Usually, a test is con-
sidered positive if improvement of at least one point in
the Ashworth scale is seen in spasticity in the various
affected joints. Often, the effect of baclofen can be
checked with EMG (Electro-Myo-Graphy) [45]. Com-
plications of the test include CSF leak around the lumbar
catheter, aseptic or septic meningitis and baclofen over-
dose with respiratory compromise or arrest, if the lum-
bar catheter has been placed high in the spine. For this
reason, physostigmine should always be available when
baclofen injection is performed.

After establishing suitability of the patient, the pump
system is installed surgically. Usually, the pump is in-
stalled in the subcutaneous tissue of the right iliac fossa,
in a “pocket” that is excavated in the subcutaneous fat
through a linear incision. In thin patients, weighing less
than 30kg, a variation of the technique allows implanta-
tion of the pump partly under the fascia of the rectus
abdominis muscle. Through a midline lumbar incision
centered around the L2-3 level, a Tuohy needle is used
to introduce the lumbar catheter in the theca and advance
it by 15 cm, to ensure catheter tip placement around the
T9-10 level, in a fashion similar to inserting a lumbar-
peritoneal shunt [24]. The lumbar catheter is tunnelled
through the fat to the abdominal wound, and connected
to the pump. The pump is primed with baclofen before
implantation, and care is taken to carefully measure the
length of catheter implanted, and subsequently calculate
a bolus dose that will advance the baclofen from the
pump to the catheter tip in 20 minutes, before establish-
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ing a slow injection at 24 hourly rate, equal to that of the
successful test. After successful implantation, the dose
is gradually increased to a level where satisfactory con-
trol of the spasticity is achieved without incapacitating
weakness. It usually takes several weeks of dose alter-
ations, increasing not more than 10% of the 24 hourly
dose each time, before a satisfactory level is achieved.
The pump requires refill every 6—12 weeks, depending
on the level of the daily dose.

In the early dates of pump delivery systems, only
fixed rate pumps were available. Such systems are still
available and are commonly used in pain or chemother-
apy treatment. A representative pump of this type is the
Codman 3000 Infusion Pump (Codman, Raynham, MA,
USA). Since the mid 1990s, adjustable pumps became
available, which allow titration of the daily-administered
dose percutaneously using computer driven telemetric
equipment, which allows fine-tuning of the clinical re-
sult [3, 4, 6, 16, 23, 29, 30, 32, 52]. The most commonly
used programmable pump system is the Medtronic
SynchroMed (Medtronic Inc., Minneapolis, MN, USA)
(Fig. 3). It has battery supply that lasts a nominal 5
years, and comes in two versions, the 18 and 10-ml, their
difference been the height of the cylindrical metal enclo-
sure, while their diameter is the same. The 18-ml version
is used in adults and children over 30kg, who have
enough subcutaneous fat to support the bulky pump
without encountering wound problems. The 10-ml ver-
sion is designed for thin built children weighing less
than 30 kg, who would not be able to accommodate the

Fig. 3. Medtronic SynchroMed pump (Medtronic Inc., Minneapolis,
MN, USA) seen just prior to implantation. The white cotton pouch seen
in the middle is used to place the pump in prior to implantation in the
subcutaneous fat “pocket” in order to avoid rotation of the pump and
subsequent kinking or damage of the fine outlet catheter. The refill port
can be seen in the centre of the upper surface of the pump. The two
needles come with the insertion kit and are used to fill the pump with
baclofen just before implantation. Similar needles are used for refilling
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larger pump. Debate still exists on the long-term effi-
cacy of intrathecal baclofen on patients with spasticity.
Clinical series have demonstrated a good short-term re-
sponse, with improvement of spasticity and a reduction
in the corresponding need for orthopaedic surgery in
children with spasticity due to cerebral palsy [22].
Inevitably, baclofen treats the effect of spasticity rather
than the cause, acting on chemical receptors of the spi-
nal cord, and for that reason there is potential for up or
down-regulation of the receptors on which it acts with
time. Available reported experience has demonstrated
that the good effect can be present for a number of years,
up to 10-15 so far [3, 4, 6, 23, 28, 30, 32]. Beneficial
effect on quality of life issues has been recorded in
patients treated with ITB [15]. Apart from spasticity,
intrathecal baclofen administration has been shown to
significantly improve dystonia as well [5, 50].

While ITB therapy has gained popularity in recent
years, like all implant surgery, it is not without compli-
cations. A significant number of patients experience
device-relate adverse events, to a rate of 0.5 per recipient
year, half of which require surgical treatment to correct
[16]. Non-device related complications occur at an aver-
age 1 per recipient-year, usually related to changes in
dose, such as temporary significant decrease in tone after
increase in dose or sudden increase in tone and baclofen
withdrawal symptoms in case of poor refill timing or
pump removal due to infection [19]. Implant infection
occurs in approximately 10% of cases [4, 25]. Wound
problems are infrequently seen, usually in very thin pa-
tients because the skin is stretched over the bulky pump
and the wound edges become ischaemic and break down.
Exacerbation of seizures, constipation and even acute
pancreatitis after implantation have been reported [16].
Nevertheless, there has been a major push from the in-
dustry to facilitate establishment of intrathecal baclofen
as a mainstream surgical option in the management of
spastic CP, with considerable success so far.

Future developments

In neuromodulation, there is a definite trend away
from ablative treatments and towards reversible stimula-
tion and infusion systems. Current pumps are too big
and cumbersome, require refilling every 3 months and
hence they ‘““tie” the patient to the hospital; by other 21st
Century technological standards, they are rather less so-
phisticated than they should be. In the next decade, it is
anticipated that technological improvements will render
the pumps more patient friendly.

S. Sgouros
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Summary

In the treatment of patients with severe spasticity, intrathecal admin-
istration of baclofen (ITB) was introduced in order to exert its effect
directly at the receptor sites in the spinal cord, and have better thera-
peutic efficacy with smaller drug doses compared to oral antispasmodic
medications. Apart from our own research in Groningen, a review is
performed to present and discuss the efficacy of ITB in patients with
spasticity and hypertonia as symptoms of the upper motor neuron syn-
dromes. The majority of the ITB studies describe proven efficacy in the
reduction of spasticity and spasms in short-term and long-term follow-
up. Functional improvements in daily care, hygiene, pain, etc are
described but not often with reliable and validated instruments. A few
studies reported significant improvement in walking performance in
ambulant patients. The studies that have been done on the efficacy of
ITB in relation to quality of life (QOL) showed some evidence of im-
provement. Future research is needed on fine tuning in the ITB therapy
using functional assessment instruments.

Keywords: Neuromodulation; spasticity; baclofen; intrathecal pump;
upper motor neuron syndrome; ITB.

Introduction

Spasticity in upper motor neuron syndromes

In patients with upper motor neuron syndrome (UMNS),
impairments of muscle activation can develop in a vari-
ety of conditions. These impairments of muscle acti-
vation can be divided in deficit and excess symptoms.
Deficit symptoms are caused by the reduction or loss of
normal voluntary muscle function and can be defined by
the presence of a paresis, loss of selectivity of move-
ment, loss of dexterity of movement or enhanced fatiga-
bility [6]. Excess symptoms reflect the presence of

abnormal muscle activation and contain spasticity and
hypertonia but also co-contractions, involuntary syner-
gies and abnormal reflex responses. Apart from these
symptoms, changes in the biomechanical properties of
the muscle-tendon complex such as muscle shortening
can develop and will influence the movement disorder
[16]. Spasticity is defined as “‘a motor disorder charac-
terized by a velocity-dependent increase in tonic stretch
reflexes’ [18]. Hypertonia is defined as “a non-velocity-
dependent resistance to passive stretch” which can be a
symptom of abnormal muscle activation but also of de-
veloped changes in the biomechanical properties of the
muscle-tendon complex.

In clinical practice, the term “‘spastic hypertonia” is
often used and is almost equivalent to all the excess
symptoms accompanying the UMNS. Spasticity is a dy-
namic process that is movement-dependent and therefore
heavily and variably influenced by standing, walking and
transferring. With respect to mobility, spasticity tends
to slow it down, making walking more laborious and
effortful and resulting in a progressive reduction in exer-
cise tolerance. Severe spasms and hypertonia cause dif-
ficulties with sitting, transfers and ambulation resulting
in skin problems and increased risk of falling. However,
functionally, spasticity can also be the residual exten-
sion, which provides some stability for stance and walk-
ing. Spasticity and hypertonia are spinal in origin and
arise principally from disinhibition of spinal reflexes
caused by a lesion in the controlling supraspinal path-
ways that mediate their functions by release of neu-
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rotransmitters. Modulation of these neurotransmitters
provides the rationalisation of drug treatments for spas-
ticity. The choice of treatment depends on the severity

Table 1. Efficacy of ITB in patients with severe spasticity

J. S. Rietman and J. H. B. Geertzen

of spasticity and hypertonia, the impact on the patients
abilities, the presence of focal versus generalized symp-
toms, the previous therapies and their side effects, the

Study Subjects Design/follow-up Assessment Outcome
SCI and MS
Penn et al. (1989) [27] SCI: 10 Rd, DB, PC, AS, SFS AS and SFS improved
MS: 10 CO 19,2 mo
Loubser et al. (1991) [19] SCI: 9 DB, PC AS, SFS, Mob, AS, SFS, Mob, ADL, BF improved
3-22 mo ADL, BF
Hugenholtz et al. (1992) [15] SCI: 4 DB, PC AS, SFS AS,SFS improved
MS: 2 30 days
Meythaler et al. (1992) [20] SCI: 5 DB, PC AS, SFS, AS,SFS, Mob, Balance improved
MS: 1 12 mo Balance, Mob
OSP: 4
Penn (1992) [28] SCI: 32 open-label AS, SFS AS, SFS improved
MS: 33 30 mo
OSP: 1
Coffey et al. (1993) [8] SCI: 59 DB, PC AS, SFS AS, SFS improved
MS: 31 19 mo
OSP: 1
Azouvi et al. (1996) [3] SCI: 12 open-label AS, SFS, FIM, ADL AS, SFS, ADL
MS: 4 37 mo FIM-mob improved
OSP: 1
Ordia et al. (1996) [25] SCI: 27 DB, PC in 9 subj. AS, SFS, BF, Mob AS, SFS, BF improved
MS: 26 open-label in 57 subj. Mob improved in some
OSP: 6
Middel et al. (1997) [23] SCIL: 12 Rd, DB, PC, CO AS, SFS, QOL: AS, SFS improved,
MS: 10 3-12 mo SIP, HSCL SIP, HSCL some items improved
Zahavi et al. (2004) [33] SCI: 10 longitudinal follow-up AS, SFS, EDSS, ISS, AS, SFS improved
MS: 11 85 mo Al, QOL: SIP, HSCL ISS, Al decreased
Boviatsis et al. (2005) [5] SCI: 7 open-label AS, SFS, BI AS, SFS, BI improved
MS: 15
Cerebral pathology
Becker et al. (1997) [4] ABI:18 open-label AS, SFS, pain, nursing-care  AS, SES, pain, nursing-care improved
Meythaler et al. (1999) [21] ABIL: 3 Rd, DB, PC, CO AS, SFS, MoStr AS, SFS improved,
CVA: 3 3 mo MoStr stable
Rawicki et al. (1999) [30] ABI: 13 open-label AS, SFS, SHS AS, SFS, SHS improved
CVA: 2
CP: 3
Dario et al. (2002) [9] ABI: 14 open-label AS, SFS AS, SFS improved
Francisco et al. (2003) [10] CVA: 10 open-label AS, gait velocity AS, gait speed improved
9 mo
Rémy-Néris et al. (2003) [31] ABI: 3 case series Gait velocity gait speed improved
bolus baclofen
Horn et al. (2005) [14] ABI: 28 case series AS, gait velocity Gait speed improved
bolus baclofen
Albright et al. (2003) [1] ABI: 14 prospective multicenter ~ AS AS remained improved
CP: 54 10 years
Krach et al. (2005) [17] CP: 31 open-label AS, GMFM AS, GMFM improved
12 mo

SCI Spinal cord injury, MS multiple sclerosis, OSP other spinal pathology, ABI acquired brain injury, CP cerebral palsy, Rd randomized, DB double-
blind, PC placebo-controlled, CO cross-over, mo month, AS ashworth scale, SF'S spasm frequency scale, Mob mobility, ADL activities of daily life, BF
bladder function, FIM functional independence measure, QOL quality of life, SIP sickness impact profile, HSCL Hopkins symptoms checklist, EDSS
expanded disability status scale, ISS incapacity status scale, Al ambulation index, MoStr motor strength, SHS Snow hygiene scale, B/ Barthel index,
GMFM gross motor function measure.
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duration of the disease and finally, by the cost of the
treatment. The aim of this review is to present and dis-
cuss the efficacy of ITB in patients with spasticity and
hypertonia as symptoms of UMNS. The current opinions
will be described.

Intrathecal baclofen

Baclofen (4-amino-3(p-chlorophenyl)butyric acid) is
structurally similar to the inhibitory neurotransmitter ~y-
aminobutyric acid (GABA) and acts on the GABAg re-
ceptors on the presynaptic nerve terminals to suppress
the excitatory transmitter release involved in mono-
synaptic and polysynaptic reflexes [24]. Baclofen is a
poorly lipophilic drug which transverses the blood—brain
barrier insufficiently. In patients with severe spasticity,
orally administered baclofen can not achieve sufficient
concentration in the spinal cord to control spasticity be-
cause this would require high systemic concentrations
and would be associated with brain-related side effects
such as sedation, confusion and drowsiness.

When baclofen is administered intrathecally, it exerts
its effect directly at the receptor sites in the spinal cord,
resulting to greater therapeutic efficacy at smaller doses
and thus, less systemic toxicity compared to oral admin-
istration [24]. The required intrathecal dose is about 100
to 250-fold smaller than the standard oral dose [19].
Continuous intrathecal baclofen (ITB) utilizing a subcu-
taneously implanted pump and an intrathecal catheter
was introduced in the treatment of severe spasticity in
1984 [26]. Since then, numerous studies have confirmed
the efficacy of ITB in patients with severe spasticity
(Table 1). Most of these studies describe patients with
spinal cord injury, multiple sclerosis, and brain injury
[3,4,8,9, 11, 14, 15, 19, 20, 21, 23, 25, 27, 28, 30, 33]
(Table 1). Later studies were done in patients with ce-
rebral palsy (CP) or stroke [1, 10, 13, 17, 22, 31] (Table 1).
Patients who are considered for ITB therapy should have
severe spasticity, unresponsive to oral medical treat-
ments, which causes functional limitations interfering
with transfers and ambulation. In addition, patients with
painful spasms and problems with skin hygiene due to
spasticity or hypertonia are, in principle, eligible candi-
dates. Usually, it is the occurrence of unacceptable side
effects that limits an increase of the oral dose of spas-
molytic medication.

The responsiveness to ITB will be determined by a
screening test in which the patient receives a single
intrathecal bolus infusion of 50 pgrams baclofen. In spe-
cial cases of severe dystonia or when fine tuning of the
doses is desired to preserve ambulatory function, the
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baclofen can also be administered by continuous extra-
corporal infusion.

The responsiveness to ITB in the screening phase is
considered satisfactory when it results to a decrease of
the Modified Asworth Scale (MAS) score by at least one
degree. After this, the implantation of the pump can be
planned. The ITB pump is implanted into a subcuta-
neous pocket in the anterior abdominal wall and con-
nected to a catheter which is tunneled subcutaneously
and inserted into the spinal canal in the upper lumbar
spine. The catheter tip is advanced up to the lower tho-
racic area. After the surgical procedure, the pump (Med-
tronic, Inc. Minneapolis, MN, USA) can be programmed
in order to deliver the desired baclofen dose.

Assessment of outcome parameters

Since ITB administration was introduced for patients
with severe spasticity unresponsive to other treatments,
the early studies concentrated on outcome parameters
related to the assessment of spasticity or hypertonia and
the safety of the therapy. Muscle tone and spasms are
assessed with the Asworth Scale (AS) or MAS and the
spasm frequency scale (SFS) [2]. Also reflex scores, clone
scores and electromyography have been used. Depen-
dent of the study population, other assessments were
performed such as bladder function, pain registration,
hygiene scores and dependency on nursing care. ITB
has proven its efficacy for the management of spasticity
in patients with spinal cord lesions and brain-injured
patients [3, 4, 8, 9, 11, 14, 15, 19-21, 23, 25, 27, 28,
30, 33]. The studies have consistently shown a signifi-
cant decrease in spasticity and hypertonia as measured
by the AS (average reduction of 2 in a scale of 5 points)
and SFS (average reduction of 2 in a scale of 4 points).
In addition, some functional improvements were re-
corded but often not by reliable and validated assess-
ment instruments. However, in a clinical survey of
forty centers with 936 pump implantations, improve-
ments were reported in daily care such as easier dress-
ing, transfers, wearing of orthosis, sitting tolerance,
ambulation endurance, upper limb dexterity [32], liabil-
ity to skin breakdown, and nursing care [4, 30].

In patients with cerebral palsy, the Gross Motor Func-
tion Measure (GMFM) was used to assess changes in
motor function after ITB; in 2005, Krach reported a
functional improvement due to the reduction in hyperto-
nia [17]. However, assessments on how the disability
affects the quality of life (QOL) were used sparsely if
not at all [33]. A few studies used assessment instru-
ments to evaluate disability outcome such as sa